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Sciences at the Massachusetts Institute of Technology in partial fufillment of the
requirements for the Degree of Doctor of Philosophy in Geochemistry
Tectonically active for the past ~160 million years, the igneous basement of the
Indian Ocean basin has formed due to complex interactions between mid-ocean ridges
and mantle plumes. Plateaus, ridges and islands associated with the Kerguelen
hotspot, the world's second largest, oceanic igneous province, dominate the
bathymetry of the southeastern Indian Ocean. Lavas erupted by the Kerguelen plume
range in age from the -119 million year old basalts of the southern Kerguelen Plateau
to the recent eruptions at Kerguelen, Heard, and McDonald Islands. This dissertation
presents: 1) the Pb geochronology of the oldest rocks recovered from the Kerguelen
Plateau, 2) the geochronology and Sr-Nd-Pb-He isotopic characteristics of the olivine-
rich lavas of the Kerguelen Archipelago, and 3) Sr-Nd-Pb isotopic evidence for
contamination of Southeast Indian Ridge basalts with melts from the Amsterdam-St.
Paul and Kerguelen plumes.
At Elan Bank of the Kerguelen Plateau, Leg 183 of the Ocean Drilling Program
recovered basalt, trachyte, and garnet-biotite gneiss clasts from a 26 m thick fluvial
conglomerate which is intercalated with Kerguelen Plateau basalts. Zircons and
monazites obtained from the gneiss clasts yield a range of Proterozoic Pb-Pb dates
when examined by conventional mass spectrometric and electron microprobe
techniques. The deposition of the gneiss clasts, slow seismic velocities in the crust of
Elan Bank, and anomalous isotopic compositions of basalts above and below the
conglomerate suggest that some part of the crust of Elan Bank is a continental
fragment formed during the rifting of East Gondwana.
Cenozoic eruptions from the Kerguelen plume constructed the primarily
basaltic Kerguelen Archipelago (6500 km 2) on the northern Kerguelen Plateau.
"Ar/ 39Ar geochronology of 15 basalts from five stratigraphic sections yields isochron
ages ranging from 29.26±0.87 to 24.53±0.29 Ma. The oldest dated basalt from the
archipelago (-29 Ma) is much younger than the -40 Ma conjunction between the
hotspot and the Southeast Indian Ridge. Basalt eruption seems to have ceased shortly
after -24 Ma although small volume lava flows and plutonic intrusions continued to
form in the archipelago. The basalt age data suggest an average lava accumulation rate
of -1.6 0.9 km/my during the Oligocene. The archipelago's volumetric eruption rate
(0.009 km3/y) is lower than estimates made for the Cretaceous Kerguelen Plateau (1.7
k 3/y) and the Ninetyeast Ridge hotspot track (0.18 km3 /y), suggesting that the late
Cenozoic extrusive activity of the Kerguelen plume is waning. Cenozoic volcanism
attributed to the Kerguelen plume occurs over a diffuse area with Quaternary
eruptions at Heard and McDonald Islands and within the Kerguelen Archipelago. The
decreasing eruption rate and spatially diffuse volcanism may be explained by the thick
lithosphere of the Cretaceous Kerguelen Plateau overriding and insulating the plume.
Although the volcanic activity of the Kerguelen plume spans 119 million years,
the helium isotopic signature of Kerguelen lavas has never been documented. The
isotopically-enriched mantle source of the Kerguelen plume has been attributed to
either subducted sediments or delaminated sub-continental lithosphere. * Ar/ 3 9Ar
dating of the archipelago samples shows that the three northern samples are ~28 Ma
whereas the samples from the southeastern peninsulas fall into two distinct age
groups: 10 Ma and 24-25 Ma. The basanite dike is 9 Ma and probably fed the lower
Miocene basalts of the southeastern peninsulas. The helium isotopic signature of
eight of these basalts was examined by analyzing olivine and pyroxene separates.
Multiple analyses of olivine separates reveal 3He/ 4He from 7.43 ±0.17 to 10.40±0.06
R/RA. Analyses of pyroxene separates reveal lower ratios in general (6.53±0.33 to
9.64±0.25 R/RA) although they overlap with the olivine data. The lower 3He/ 4He
ratios of the pyroxenes may reflect radiogenic ingrowth of 'He since eruption.
Between 36'S and -45'S, two volcanic hotspots, Kerguelen and Amsterdam-St.
Paul (ASP), affect the physical structure of the Southeast Indian Ridge which is the
longest spreading center in the Indian Ocean. Presently the thickened platform of the
Amsterdam-St. Paul hotspot is bisected by the Southeast Indian Ridge and
approximately 40 million years ago the ridge intersected the Kerguelen hotspot. Lavas
derived from the Kerguelen and Amsterdam-St. Paul hotspots have distinctly higher
Sr and Pb isotopic ratios than mid-ocean ridge basalts, and the hotspots differ in that
the Kerguelen basalts have higher 87Sr/16Sr and lower Nd and Pb isotopic composition
compared to basalts from the ASP hotspot. New Sr, Nd and Pb isotopic data for 46
samples from the Southeast Indian Ridge, nearby islands and seamounts in the region
of 77-88'E show that the Amsterdam-St. Paul hotspot (1 7Sr/ 86Sr>0.7035,
1 43Nd / 14 4Nd<0.5128, 206Pb/ 204Pb~19.2, 207 Pb/ 204Pb~15.62, 2 0sPb/ 2 04Pb-39.45) influences
basalt compositions of three ridge segments located on the hotspot platform.
Additionally, basalts from the ridge segment just north of the hotspot platform have
isotopic compositions, that fall on mixing lines between ASP and normal mid-ocean
ridge basalts suggesting that material from the Amsterdam-St. Paul hotspot flows
northward beneath the ridge. The HIMU-like isotopic and trace element composition
of the ASP hotspot requires partial melting of recycled oceanic crust in the mantle
source. The low La/Nb of the ASP hotspot basalts suggests that processing during
subduction stripped the recycled oceanic crust of highly incompatible elements. In
contrast, some basalts from ridge segments have enriched isotopic ratios
(8 7Sr / 86Sr>0.7044, 14 3Nd/l"Nd<0.51275, 2 06Pb/ 21Pb-18.1, 207Pb/ 20 Pb-15.54,
20 8Pb/ 20 4Pb~38.6) characteristic of the Kerguelen hotspot. The distribution of these
Kerguelen-influenced basalts suggests that metasomatism associated with the early
impact of the Kerguelen plume may have contaminated much of the upper mantle
beneath the eastern Indian Ocean basin. Additionally, the Kerguelen isotopic
signature of basalts from one ridge segment may reflect an active mantle conduit
between the Kerguelen plume and the Southeast Indian Ridge.
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Introduction.
The Indian Ocean basin contains three spreading centers and numerous active
hotspots including one of the world's largest and longest lived hotspots (Kerguelen).
The east Indian Ocean basin began forming in the Cretaceous as a result of the
breakup of Eastern Gondwana. Early rotation of India away from Australia-
Antarctica initiated seafloor spreading in the north at approximately 136 Ma, based on
the identification of magnetic anomaly M14, in the Cuvier Basin off the NW coast of
Australia (Johnson et al., 1980; Muler et al.,1998). This early ridge propagated
southward, and by -115 Ma, India was completely separated from Australia-
Antarctica. The exact timing of this separation cannot be more exactly defined because
it occurred during the Cretaceous Long Normal Superchron.
Currently three oceanic spreading centers produce seafloor basalts in the Indian
Ocean basin: the Southwest Indian Ridge, the Central Indian Ridge and the Southeast
Indian Ridge, which is the longest of the three. After a period of 60-100% crustal
extension between Australia and Antarctica (Powell et al., 1988 and references
therein), the Southeast Indian Ridge started forming oceanic basalts at approximately
96 Ma based on the identification of magnetic anomaly C34 and the location of the
continent-ocean boundary (Cande and Mutter, 1982; Veevers et al., 1986; Miller et al.,
1998). Initially the spreading rate was very low, approximately 5 mm/y until anomaly
C19 at approximately 41 Ma (Mutter et al., 1985). At this time the Southeast Indian
Ridge had propagated northwestward and intersected the large oceanic plateau
formed by the Kerguelen hotspot. The rifting of the plateau by the Southeast Indian
15
Ridge resulted in two conjugate bathymetric shallow areas called Broken Ridge and
the Kerguelen Plateau (McKenzie and Sclater, 1971; Mutter and Cande, 1983).
Anomaly 18 is the oldest identified magnetic anomaly near the margins of the
Kerguelen Plateau which implies that normal SEIR spreading was well-established in
this area by 38-40 Ma (Houtz et al., 1977). Currently the Southeast Indian Ridge
stretches from the Macquarie Ridge Complex (61*S, 162'E) southeast of Australia to
the Rodrigues triple junction (250S, 70'E). The current full-spreading rate is -63-75
mm/y (Conder et al., 2000; Semp re et al., 1997) and the ridge is approximately 1200
km northeast of the Kerguelen Plateau.
Indian Ocean basalts have long been recognized to have unique isotopic
compositions compared to mid-ocean ridge basalts (MORB) from the northern Atlantic
and from the Pacific Ocean (Fig. 2; Dupre and Allegre, 1983; Hart, 1984). Proposed
explanations for the relatively high 87Sr/ 86Sr and 201Pb/ 2"Pb and low 2 1 Pb/ 2 1 Pb (Dupal
signature) of Indian Ocean basalts relative to Atlantic and Pacific basalts (Fig. 2)
include: 1) the contamination of the Indian Ocean asthenosphere by the Kerguelen
plume (Dosso et al., 1988; Storey et al., 1989); 2) the addition of subducted pelagic
sediment and old oceanic crust to either lower mantle material (Dupr6 and Allegre,
1983) or depleted upper mantle which is compositionally similar to the source of
Atlantic and Pacific NMORB (Rehkamper and Hofmann, 1997); and 3) dispersion of
continental lithosphere within the oceanic mantle (McKenzie and O'Nions, 1983;
Mahoney et al., 1995) perhaps due to the breakup of eastern Gondwana and/or
erosion of the continental lithosphere by impacting plumes (e.g. Kerguelen, Marion).
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Mahoney et al. (1998) demonstrated that the degree of MORB mantle contamination
by enriched material has decreased with time regardless of the source of that material.
In the last -40 million years, the Southeast Indian Ridge has intersected two
volcanic hotspots: Kerguelen and Amsterdam-St. Paul. These hotspots represent the
volcanic expression of mantle plume activity. The Kerguelen large igneous province
(e.g., Coffin and Eldholm, 1994, and references therein) consists of several
bathymetrically distinct provinces: the southern, central and northern Kerguelen
Plateaus, Broken Ridge, Ninetyeast Ridge, the Kerguelen Archipelago, and Heard and
McDonald Islands (Fig. 3). The oldest dated oceanic basalts (~119 Ma) related to the
Kerguelen plume are from the southern Kerguelen Plateau at ODP (Ocean Drilling
Program) Site 1136 (Pringle and Duncan, 2000). Continued flood basalt eruption
formed the remainder of the southern and central Kerguelen plateaus. Subsequently,
the northward movement of the Indian resulted in the formation of the Ninetyeast
Ridge (-83-38 Ma; Duncan, 1991). At 40.1 Ma, the Southeast Indian Ridge separated
Broken Ridge from the central Kerguelen Plateau (~110 Ma), and Broken Ridge (-94
Ma; Duncan and Pringle, 2000) moved northeastward with the Australian plate. The
age of the northern Kerguelen Plateau has been determined at two locations (Site 1139
on Skiff Bank, -68 Ma; Site 1140, north of the Kerguelen Archipelago, -33 Ma; Duncan
and Pringle, 2000). In the late Cretaceous, much of the plateau was above sea level;
currently the plateau is -1000 m or greater below sea level. The Kerguelen
Archipelago (6500 km2) and Heard Island both show evidence of volcanic activity
since the late Eocene-early Oligocene.
The geochemistry of basalts erupted by the Kerguelen plume has been
extensively investigated on the Kerguelen Archipelago and Heard Island (e.g., Barling
et al., 1994; Weis et al., 1998; Frey et al., 2000a and references therein). Basalts from the
plateau, Ninetyeast Ridge, and Broken Ridge have been sampled only at 12 drill sites
and at numerous dredging locations (Coffin et al., 2000 and references therein). Given
the large size of the igneous province (~2 x 106 km 2; Coffin and Eldholm, 1994); this
results in an average of one drill site per ~167,000 km2. An additional limitation is that
the drill holes penetrate <300 m of the 19-22 km thick crust of the plateau (e.g., Operto
and Charvis, 1996; Charvis and Operto, 1999).
Kerguelen Plateau basalts are primarily tholeiitic, although evolved alkalic
lavas and tuffs have been discovered recently in the uppermost igneous basement
(Coffin et al., 2000; Frey et al., 2000b). In contrast, the plume-related lavas forming the
Kerguelen Archipelago range from transitional to alkalic (Frey et al., 2000a). Basalts
from the Kerguelen plume have a wide range isotopic compositions but in general
they have higher "Sr/1 6Sr, 2 07Pb/ 204Pb, and 20sPb/ 2"Pb and lower 11 3Nd/ 1"Nd ratios
than mid-ocean ridge basalts at a given 206Pb/ 2"Pb (Fig. 4a, b; Weis and Frey, 1991;
Weis et al., 1997; Frey et al., 2000a). In particular, the basalts of ODP Site 738 on the
southern Kerguelen Plateau have high 17Sr/16Sr (-0.709) and 208Pb/ 2"'Pb (~39) and low
20 6 Pb/ 204Pb (~17.8) which reflects the influence of continental lithosphere on the
compositions of these basalts (Fig. 4c; Mahoney et al., 1995; Coffin et al., 2000).
Elsewhere, the incompatible element abundances and Sr and Pb isotopic signatures of
the plateau and island basalts are enriched relative to mid-ocean ridge basalts, but this
enrichment has been attributed to recycled sediment within the plume or to
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delaminated sub-continental lithosphere mobilized by the plume (Storey et al., 1989;
Mahoney et al., 1995; Dupr6 and Allegre, 1983).
Although the Kerguelen hotspot, once bisected by the Southeast Indian Ridge,
is now -1200 km southeast of the ridge, the ongoing interaction of the Amsterdam-St.
Paul (ASP) hotspot with the Southeast Indian Ridge (Fig. 5) provides an analogue to
the earlier plume-ridge interaction. The ASP hotspot is named after the two islands
exposed on the surface: New Amsterdam and St. Paul. The ASP plateau (-30,000 km 2 )
stands -2 km above the surrounding seafloor. The four ridge segments atop the
plateau show en echelon segmentation, oblique spreading, and a propagating rift tip
(Conder et al., 2000; Scheirer et al., 2000). Two of the ridge segments have a history of
jumping toward the hotspot suggesting that the thermal anomaly of the plume may
weaken the crust, controlling the location of the ridge locally. Basalts erupted by the
Amsterdam-St. Paul plume are isotopically distinct both from the normal MORB
compositions of the SEIR and from the basalts associated with the Kerguelen plume
(Fig. 6). Dosso et al. (1988) demonstrated the Amsterdam-St. Paul plume affects the
compositions of mid-ocean ridge basalts erupted on or near the ASP platform. They
also reported that one SEIR basalt sampled south of the ASP plateau had higher
8 7 r / 8 6Sr and lower 11 3Nd/ 1"Nd than ASP and SEIR basalts, and they interpreted this
to reflect the influence of the Kerguelen plume upon the Southeast Indian Ridge.
This dissertation will present the results of geochronologic and geochemical
investigations of the Kerguelen and Amsterdam-St. Paul hotspots and it will describe
the effect of these hotspots on the isotopic geochemistry of the Southeast Indian Ridge.
The topics discussed in this dissertation are presented in chronological order and each
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chapter is written as an individual manuscript. A potential source for the unique
chemical signature of the Kerguelen plume will be discussed in relation to Proterozoic
garnet-biotite gneiss clasts recovered from the Elan Bank province of the Kerguelen
Plateau. Chapter 2 discusses the U-Pb geochronology and U-Th-Pb chemical dating of
the clasts which demonstrate the similarity of the gneiss clasts to gneisses on the
margins of India, Antarctica, and West Australia. As early as 1965, Heezen and Tharp
recognized that numerous continental fragments were scattered within the Indian
Ocean basin as consequence of Gondwana breakup. Based on the occurrence of the
clasts, seismic velocities in the crust of Elan Bank, and isotopic compositions of basalts
from Elan Bank, the clast source is probably a fragment of continental lithosphere
within the Elan Bank. Subsequently, I will introduce the Cenozoic chemical signature
of the Kerguelen hotspot by discussing the Sr, Nd, Pb and He isotopic data for a suite
of olivine-rich basalts from the Kerguelen Archipelago (Chapter 4). The age of these
and other archipelago basalts will be established by discussion of "Ar/ 39Ar
geochronology, which is used to estimate the Cenozoic eruption rate of the Kerguelen
plume (Chapter 3). Finally the influence of the Kerguelen and Amsterdam-St. Paul
hotspots upon the geochemical signature of the Southeast Indian will be presented
(Chaper 5).
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Figure captions.
Figure 1: This map of the Indian Ocean shows the Southeast Indian Ridge and the
Kerguelen Plateau as outlined by 2000 m bathymetric contours. Ninetyeast and
Broken Ridges formed a contiguous part of the Kerguelen province until
northward propagation of the SEIR split the province at -40.1 Ma (Tikku and
Cande, 2000). The Amsterdam-St. Paul plateau is located on the northwestern
margin of a prominent curve in the Southeast Indian Ridge. Circles indicate
drill sites and triangles indicate dredge sites. Those drill sites discussed in the
text are labeled with site numbers.
Figure 2: 2 0 Pb/ 2"Pb vs. 87Sr/ 86Sr(a) and 20sPb/ 2"Pb(b). Mid-ocean ridge basalts from the
Indian Ocean have consistently higher 87Sr/ 86Sr and 2 0sPb/ 204Pb and somewhat
lower 2 0 6Pb/ 2 04Pb isotopic ratios than basalts from the north Atlantic and Pacific
Oceans. Data sources: Sun et al., 1979; Duprd and Allegre, 1983; Cohen and
O'Nions, 1982; Cohen et al., 1980; Schiano, 1997; Castillo et al., 1998; Mahoney,
unpublished.
Figure 3: Satellite gravity map of the Kerguelen Plateau (Sandwell and Smith, 1997).
The Kerguelen Archipelago is located on the northern Kerguelen Plateau,
which is characterized by a significant gravity high and shallow bathymetry.
The northern Kerguelen Plateau is separated from the structurally complex
central and southern Kerguelen Plateaus by a gravity low which represents a
topographic trough. Several circular bathymetric highs, probably representing
seamounts, are located in this trough. Heard Island is located on the central
Kerguelen Plateau some 440 km from the archipelago. Drill sites from ODP
Legs 119 and 120 are indicated by white and black circles. The white circles
indicate that igneous basement was reached and these are the locations of the
Kerguelen Plateau data plotted for reference in the isotopic diagrams. Site 1140
on the northern Kerguelen Plateau was drilled during ODP Leg 183.
Figure 4: Selected isotopic ratios for Kerguelen basalts. 17 5r/ 86Sr relative to 143Nd/4Nd;
207p/20PhvS. 20 Pb / 21Pb (modified from Weis et al., 2001).
Figure 5: Satellite gravity map showing the Amsterdam-St. Paul and Kerguelen
hotspots relative to the Southeast Indian Ridge. The chain of seamounts
between Amsterdam-St. Paul and the southern Ninetyeast Ridge may be the
hotspot track of the ASP plume. A high gravity line extends northeastward
from the northern Kerguelen Plateau and this gravity anomaly probably
represents a volcanic ridge. This ridge and the seamounts northeast of the
ridge suggest that the greatest Kerguelen isotopic signature should occur at
segment K south of the ASP plateau.
Figure 6: Epsilon Nd (a) and 20 Pb/ 2 04Pb (b) relative to 20 6Pb/ 20 4Pb for Southeast Indian
Ridge, Amsterdam, St. Paul, Ninetyeast Ridge, Kerguelen Plateau and
Kerguelen Archipelago. Some basalts from the Southeast Indian Ridge are
offset toward the Kerguelen and Amsterdam-St. Paul fields. Data references:
Weis, unpublished; White, unpublished; Hamelin et al., 1986; Michard et al.,
1986; Price et al., 1986; Weis and Frey, 1991; Salters et al., 1992; Weis et al., 1993;
Mahoney et al., 1995; Damasceno et al., 1997; Weis et al., 1998; Chapter 5.
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U-Pb geochronology of gneiss clasts and detrital zircons recovered from
Site 1137, Elan Bank: implications for the Cretaceous history of the
Kerguelen Plume and the Indian Ocean basin.
Abstract.
At Elan Bank of the Kerguelen Plateau in the southeast Indian Ocean, Leg 183
of the Ocean Drilling Program recovered clasts of garnet-biotite gneiss and
garnetiferous gneiss in a 26 m thick, fluvial conglomerate which was intercalated with
basalt flows. Additionally detrital zircons were recovered from a 4 m thick sandstone
overlying the conglomerate and from a crystal vitric tuff. Ages were determined for
zircons and monazites from the clasts using U-Pb thermal ionization mass
spectrometry and U-Th-Pb chemical dating. Zircons from the gneiss clasts yield
conventional dates between 673 and 938 Ma and monazites from these same clasts fall
within the same range (676-824 Ma). Detrital zircons from the conglomerate matrix
and from an overlying sandstone fall within the range defined by the gneiss clasts
with two exceptions: a concordant date of 532 Ma and a discordant date of 2547 Ma
were obtained. U-Th-Pb chemical dating of monazites in the gneiss clasts yield dates
from 473 to 986 Ma and frequently the full spectrum of dates is seen in a single
monazite crystal. The geochronology of the monazites suggests that several Pb loss
episodes and perhaps two growth events are recorded.
These gneisses and detrital zircons are much older than the Indian Ocean basin
and they provide evidence that detritus from old continental crust exists in the
shallow crust of the oceanic Kerguelen Plateau. The presence of the Proterozoic clasts
is an indication that the breakup of Gondwana dispersed continental fragments into
the nascent Indian Ocean crust. Comparison of this geochronology with Early
Cretaceous plate-tectonic reconstructions indicates that metamorphic rocks from the
northeastern margin of India provide a likely analogue for the source of the gneisses
and the detrital minerals in the sedimentary rocks.
Introduction.
Large igneous provinces, such as continental flood basalts and large submarine
plateaus, result from the eruption of voluminous basaltic lavas during relatively brief
time periods (e.g. 1-36 106 km 3 over a period of ~106 years; Coffin and Eldholm, 1994).
This type of volcanism differs significantly from mid-ocean ridge volcanism, which is
presently the most voluminous type of terrestrial volcanism. The large igneous
provinces formed by oceanic plateaus, such as Kerguelen in the southeast Indian
Ocean (Fig. 1) and Ontong-Java in the southwest Pacific Ocean, comprise an area of
-2x10 6 km2 and have crustal thicknesses of 20-40 km (Coffin and Eldhom, 1994). The
occurrence of these large igneous provinces has been attributed to the impact of
buoyant mantle plumes upon the lithosphere (e.g., Richards et al., 1989).
Understanding the origin and evolution of the Kerguelen Plateau is particularly
important because it has been linked to the onset of Kerguelen plume volcanism (e.g.,
Mahoney et al., 1995; Morgan, 1981; Storey et al., 1989), which is a possible source of
the distinctive geochemical characteristics of Indian Ocean basalts (Mahoney et al.,
1995; Storey et al., 1989; Weis and Frey, 1996).
Early studies of the Cretaceous Kerguelen Plateau suggested that it consisted of
continental crust based in part on its morphology (Dietz and Holden, 1970) and on the
exposure of Miocene silicic plutonic rocks in the Kerguelen Archipelago, an island
complex on the Northern Kerguelen Plateau (Nougier and Lameyre, 1972; Fig. 1).
Later studies challenged this interpretation by demonstrating that the Kerguelen
Archipelago consists almost entirely of Oligocene and Miocene basalts erupted in an
oceanic setting (e.g., Dosso et al., 1979; Gautier et al., 1990; Frey et al., 2000a,
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Nicolaysen et al., 2000). However, geochemical data, including the results of this
study, indicate that continental lithosphere was a volumetrically minor but
geochemically significant component for some Kerguelen Plateau basalts (Nicolaysen
et al., 2001; Weis et al., 2001; Coffin et al., 2000; Ingle et al., 2000; Mahoney et al., 1995).
The presence of this component has been explained either by deep recycling of
subducted material into the source of plume-derived magmas (Dupre and Allegre,
1983) or from assimilation of subcontinental lithosphere that foundered into the
asthenospheric mantle during breakup of eastern Gondwana (Mahoney et al., 1995;
Storey et al., 1989). The new discovery of Proterozoic gneiss clasts within drill core
recovered from Elan Bank of the Kerguelen Plateau (Fig. 1) suggests another
alternative; rifting of Gondwana and subsequent plate reorganizations stranded
fragments of continental lithosphere within the newly formed Indian Ocean basin.
Geologic background.
Submarine basins and lineaments, perhaps representing faults, divide the
Kerguelen Plateau into several physiographic domains including the southern, central
and northern plateaus, Elan Bank and Broken Ridge (Coffin et al., 1986) which range
in age from -119 to 34 Ma (Fig. 1; Pringle and Duncan, 2000; Duncan and Pringle,
2000). Elan Bank (135,000 km 2) is a prominent protrusion of the western margin of the
Kerguelen Plateau (Fig. 1). Elan Bank rises 2-3 km above the surrounding sea floor
and is <1000 m below the sea surface at its shallowest point (Coffin et al., 2000). Prior
to the Leg 183 campaign, Elan Bank had not been sampled, but wide-angle seismic
studies show that the crust of Elan Bank is at least 15 km thick, approximately twice
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the thickness of normal oceanic crust (K6nnecke et al., 1997). Measured seismic
velocities and seaward dipping reflections indicate that the upper crust of Elan Bank
consists of mafic igneous rock (Borissova et al., 2000), but a low velocity lower crust
(-6.8 km/s) indicates that more silicic continental crust could be present (Charvis et
al., 1997).
Site 1137 of Ocean Drilling Program Leg 183 (Coffin et al., 2000) penetrated 219
m of marine sediment and 151 m of primarily basaltic basement at Elan Bank (Fig. 2).
Basement units 1-4 consist of basalt with brecciated and oxidized flow tops (219.5 to
286.7 meters below sea floor, mbsf). Unit 5 (286.7 to 291.0 mbsf) consists of
interbedded sand and silt layers containing volcanic lithic fragments as well as minor
quartz, feldspar, hornblende, and biotite. Some of the coarse sand layers contain
garnet and zircon. Unit 6 is a conglomerate consisting of -26 m of poorly sorted clasts
ranging from granule to boulder size in a polylithologic coarse sand matrix (Fig. 2).
Basalt is the most abundant clast type but there are also clasts of flow-banded rhyolite,
sanidine-phyric trachyte, garnet-biotite gneiss, actinolite gneiss and granite. Basalts
comprise Units 7, 8 and 10; sanidine-rich, crystal vitric tuff forms Unit 9 (16.6 m thick;
Fig. 2). Subrounded lithic clasts constitute less than 5% of the tuff and are of the same
lithologies found in the Unit 6 conglomerate. Although Elan Bank is currently -1000
m below sea level due to subsidence and erosion, the oxidized flow top breccias of the
basalts, the interbedded non-marine sediments and the absence of pillow basalts
indicate subaerial deposition of the sampled basement units (Coffin et al., 2000; Frey et
al., 2000b).
Analytical procedure.
Using a diamond tipped saw, samples of the sandstone, the flow-banded
rhyolite clast, the metamorphic clasts and the tuff were cut from the Site 1137 drill
core. The sample numbers and relative locations are indicated on figure 2. High Mesa
Petrographics made polished thin sections from chips cut at MIT and ULB (Universite
Libre Bruxelles). Next, the samples were sanded using alumina carbide paper to
remove saw marks and rinsed with distilled water. Subsequently the sample was
wrapped in heavy gauge clean plastic and crushed to centimeter sized pieces. These
pieces were crushed by hand in an agate mortar and pestle at MIT and sieved to a
fraction whose grain size was less than 500 microns using polypropylene mesh. The
fine grained fraction was washed in distilled water and the suspended fine particles
were poured off. After drying, the samples were separated into magnetic and non-
magnetic fractions using a Frantz separator. The dense accessory minerals were
recovered from the non-magnetic fractions by gravity settling in methylene iodide
solution and subsequently the dense fraction was again split using the Frantz
separator following the standard lab procedure. Under binocular magnification,
zircon and monazite were grouped according to size, clarity and shape.
Representative zircon and monazite grains were mounted in epoxy, polished to
approximately half their thickness and examined using backscattered electron and
cathodoluminescence imaging on the electron microprobe at MIT. Individual zircons
grains were air-abraded and photographed prior to dissolution for U-Pb separation.
Monazite grains were cleaned using an ultrasonic finger in a water bath and
photographed. The samples were processed using standard MIT isotope dilution and
anion exchange chemistry (e.g. Schmitz and Bowring, 2000) and analyzed by thermal
ionization mass spectrometry (TIMS) on a VG Sector 54. Details of the fractionation
correction, laboratory blanks and standard analyses are included in Table 1.
Quantitative spot analyses and element maps for garnets (Table 2) and
monazites (Table 3) from a subset of the metamorphic clasts studied by TIMS (samples
183-1137A-35R2, 46-47 cm and 183-1137A-36R1, 32-37 cm) were obtained using a
Cameca SX-50 electron microprobe at University of Massachusetts, Amherst. The
beam current was 15 kV and the resulting spot size was - 1-2 microns in diameter
(Appendix 1). During the calibration on standards, the garnet analyses and the major
element analyses on monazite, the sample current was 15 nA whereas the sample
current was -200 nA during trace element analysis of the monazites. The PAP method
was used to make matrix corrections to the calculated concentrations (Pouchou and
Pichoir, 1984). A single major element spot was measured for each monazite
(Appendix 2). However, the major element data for one monazite (183-1137A-35R2,
46-47 cm, m3) was chosen as the representative composition because the analysis of
the trace element concentrations is relatively insensitive to changes in the major
element composition when using the PAP matrix correction. Th, U and Pb
compositions of the spots were determined and the Pb concentration was corrected for
Y interference (Table 2).
By assuming that the parent isotopes 232Th, 2 3 5U and 2 38U are present in their
natural isotopic abundances and by iterating values of t in the age equations, the
abundances of 2 06Pb, 2"Pb and 2 08Pb are iterated until the total calculated Pb
contribution matches the measured Pb concentration (Montel et al., 1996; Williams et
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al., 1999). The advantages of chemical dating are the rapid data collection and the
ability to link the ages of metamorphic minerals to their textural settings which reflect
the metamorphic reaction conditions. However, the chemical dating method cannot
distinguish non-radiogenic 204Pb, a small (1.4% atomic abundance) but significant
contribution, from the other radiogenic isotopes of Pb. Nor can chemical dating reveal
Pb loss which results in dates younger than the age of the rock. Thus, the dates
acquired by electron probe are less accurate than dates acquired by thermal ionization
mass spectrometry. Whenever possible, compositionally distinct regions within
monazites were analyzed by multiple spot analyses. The precision was estimated by
propagating the errors of the elemental analyses (Table 3).
Results.
Flow-banded trachyte clast
Zircons were recovered from a flow-banded trachyte clast of the Unit 6
conglomerate and from the Unit 9 tuff. The zircons from the trachyte are clear, doubly
terminated, prismatic grains, which frequently contain inclusions or fractures (Fig. 3,
inset). Three individual grains yield concordant zoPb/ 238U dates ranging from 102.3 to
109.8 Ma (Table 1; Fig 3). These data have large 2- error ellipses due to the high ratio
of common Pb to radiogenic Pb. Two of the U-Pb dates are consistent with "Ar / 39Ar
step-heating experiments which yielded dates of 108-110 Ma for whole rock basalts
from units 4 and 10 and for sanidines separated from a trachyte clast and from the
Unit 9 tuff (Pringle and Duncan, 2000; Fig. 2). These data suggest that the flow-
banded trachyte erupted shortly before the deposition of the conglomerate and
synchronously with the basaltic volcanism. In addition to the age similarity between
the silicic clasts and the basalt flows, Weis et al. (submitted) described Sr, Nd and Pb
isotopic evidence that the evolved volcanic clasts have been influenced by assimilation
of continental crust. The basalts from Site 1137 do not have the high radiogenic values
seen for Site 738 Kerguelen Plateau basalts (Mahoney et al., 1995), but they have nearly
the same isotopic signature as the Rajmahal Group II basalts (see Fig. 17; Weis et al.,
submitted). The isotopic compositions of Rajmahal Traps have been attributed to a
mixture between melts of the Kerguelen plume and of continental lithosphere
(Mahoney et al., 1983).
Metamorphic clasts: U-Pb geochronology of zircons
Three quartzofeldspathic gneiss clasts contain quartz, alkali feldspar,
plagioclase (-An40, S. Ingle, personal communication) and garnet with trace amounts
of zircon (Fig. 4). Biotite is present in sample 183-1137A-34R4, 118-120 cm and biotite,
muscovite, chlorite, rutile and monazite are present in 183-1137A-35R2, 46-47 cm.
Although the gneiss clasts are not true metapelites because of the absence of an
aluminosilicate phase, electron microprobe analysis of garnets and biotites yield iron-
rich compositions (Table 2) that are consistent with a sedimentary protolith for the
gneisses (Spear, 1995). The garnets for samples 183-1137A-35R2, 46-47 cm and 183-
1137A-36R1, 32-37 cm are remarkable because of their chemical homogeneity.
Zircons from the gneiss clasts fall into two groups based on shape, size and
clarity. The first group consists of a few large (-200 pm length) angular, brownish
fragments, whereas the second is characterized by clear, elongate to equant
subrounded grains less than 200 pm in length. Other zircons are gradational in size or
shape between these two primary groups. Imaging of the larger zircons by back-
scattered electron (Fig. 5a, c, e) and cathodoluminscence (Fig. 5b, d, f) microscopy
reveals distinct cores that have oscillatory zoning and embayed margins. The
subhedral to anhedral cores vary from -40 to >80 pm in diameter. A mantle with low
rare earth element concentrations surrounds the core, and in two cases (Fig. 5b,f), the
mantle overgrowth displays euhedral facets. The outer rim of the zircons is <10 pm
thick and the rounded outer form of the zircons perhaps suggests abrasion during
transport.
Three large brown zircon fragments from sample 183-1137A-34R4, 118-120 cm
yielded 2 0zPb/ 206Pb dates of 795.8±1.0, 836.1±2.1 and 938.5±3.2 Ma (Table 1, Fig. 6). Four
zircons from the large brown population in a second garnet-biotite gneiss, 183-1137A-
35R2, 46-47 cm, yielded 2 07Pb/ 2 06Pb dates ranging from 673 to 808 Ma (Fig. 7, Table 1).
In general, the dated zircons from these two clasts are extremely fractured and lack
facets and good crystal form (Fig. 7, inset); they are probably detrital zircons inherited
by the sedimentary protolith. Two zircons from a third garnetifierous gneiss (183-
1137A-36R1, 32-37 cm) are clear, elongate grains with good crystal form yet the facet
edges are rounded (Fig. 8, inset). These zircons (~130 x 50 pm) yield 207Pb/ 20Pb dates
of 838 and 887 Ma (Fig. 8, Table 1) which is well within the range obtained from the
other two gneiss clasts (673-938 Ma, n=9 total). Overall, the dates are quite discordant
(range: 6-64%; average: 30% discordance), and the dates reflect mixtures of different
Pb loss and growth domains seen displayed by the imaging (Fig. 5).
Metamorphic clasts: geochronology of monazites
Compositional maps and backscattered electron images of monazites from the
metamorphic clasts show compositionally distinct rims and one to two overgrowths
(Figs. 9, 10). The monazite cores are typically anhedral with one exception (Fig. 9k) but
the rims of the monazites frequently preserve facets (Fig. 9c, Fig. 10f, i). Monazites
from the gneiss clasts yield dates within the range of the zircon 2 .Pb/ 206Pb dates (673-
938 Ma) although the monazite dates are slightly younger overall (675-824 Ma, n=8).
Five gray-green metamict monazites from 183-1137A-34R4, 118-120 cm are
slightly displaced from concordia and have 2 07 Pb/ 206Pb dates of 675.4 ± 1.1 to 824.4 ±
1.1 Ma (Table 1, Fig. 6). These dates are only slightly displaced from concordia (5-9%
discordance) compared to the zircon data. Four small gray-green to nearly clear
monazites from sample 183-1137A-35R2, 46-47 cm yielded slightly discordant analyses
(2-4 % discordance) which define a linear array (MSWD=1.73) with an upper intercept
of 796 Ma and a lower intercept of 554 Ma (Fig. 7, Table 1). 4 Ar/ 39Ar measurements of
biotite from sample 183-1137A-35R2, 46-47 cm, may corroborate that an important
metamorphic event occurred at ~ 550 Ma. Four biotite grains were analyzed by single-
crystal step-heating using a CO 2 laser. Individual high temperature steps yield dates of
550 Ma although the spectra do not form age plateaus (M. Pringle, personal
communication).
U-Th-Pb chemical dating using a Cameca SX50 electron probe yielded a wide
range of dates for monazites from samples 183-1137A-35R2, 46-47 cm and 183-1137A-
36R1, 32-37 cm. The internal structure of monazites from both samples are complex
showing irregular cores with one to two younger overgrowths (Fig. 9, 10). In both
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samples, some monazites have irregular shaped cores which have high Y (-21,000
ppm) and relatively low Th (-29,000 ppm) abundances. These cores are typically
surrounded by a higher Th mantle (80,000-100,000 ppm) and a rim whose Th content
ranges from 50,000 to 90,000 ppm (Table 3; Appendix 2). Other monazites show
compositional zoning in Th with relatively homogeneous Y content. Three distinct
age populations were recovered from the three different compositional zones. The
high Y cores yield the oldest dates (832-986 Ma). The high Th mantle dates ranged
from 698 to 790 Ma and the rims ranged from 473 to 630 Ma. Rims were not always
present or were too narrow to accurately measure, thus dates near some monazite
margins overlap more closely with the dates associated with the growth of the high Th
mantle (Fig. 9f, 10c). During analysis, all of the monazites are randomly oriented
analyzed in thin section, which means that the observed variation in compositional
zoning and in the measured dates depends on how well the thin section process
bisected the monazites. It is possible that the oldest cores were not sampled and that
the oldest date (986 Ma) represents a minimum estimate of the age of the oldest
metamorphic event.
The major and trace element chemistry of the monazite grains of 183-1137A-
35R2, 46-47 cm and 183-1137A-36R1, 32-37 cm suggests that the cores which yielded
ages greater than 800 Ma grew in the presence of different fluids and/or different bulk
rock chemistry than the younger mantles and rims of the garnet gneiss clasts (Fig. 11).
Most of the old cores are particularly marked by high yttrium and uranium
abundances, although m6, from 183-1137A-35R2 46-47 cm, has uranium abundances
which nearly span the observed range (Fig. 11). Chondrite normalized spider patterns
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show that higher Gd correlates with higher Y and suggests that the high Y monazite
core grew under different bulk chemistry conditions than the monazite mantles and
rims (Fig. 12). Furthermore, the similarity of the rare earth element patterns and of the
range of dates for both 183-1137A-35R2, 46-47 cm and 183-1137A-36R1, 32-37 cm may
indicate that the clasts may have the same general source area.
Sedimentary deposits: detrital zircons
Petrographic observations identified abundant detrital garnets and zircons in
the coarse layers of the Unit 5 sandstone and in the matrix of the Unit 6 conglomerate.
Because these rocks may have sampled more comprehensively the metamorphic
lithologies than the garnetiferous gneiss clasts, a subset of the detrital zircons were
separated and dated. Sample 183-1137A-33R3, 50-54 from the sandstone contains four
zircon populations. The first is prismatic and clear although some crystals are broken
and/or contain inclusions. The second group is similar to the first, differing mainly in
the smaller size of the crystals. The third group of zircons displays subrounded to
completely rounded grains which are clear to brownish in color. The U-Pb dating
focussed on the third rounded population, as the first two were interpreted to be
derived from the volcanic lithologies. One zircon gave a concordant 206Pb/ 238U date of
532.5 Ma whereas other zircons yielded slightly discordant analyses with 207 Pb/ 206Pb
dates from 685.6±1.0 Ma to 936.9±3.4 Ma for five single grains (Fig. 13, Table 1). The
fourth zircon population consisted of a single large purple grain that had been broken
several times. This grain had crude tetragonal form although the surface appeared to
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have irregular overgrowths. This zircon gave a discordant Archean date
(20 7Pb/ 20 6Pb=2.55 Ga; Table 1).
Sample 183-1137A-35R1, 103-110 cm was taken from a coarse, sandy, clast-poor
layer of the conglomerate. Zircons are relatively rare in this sample and the three
analyzed zircons give slightly discordant 207 Pb/ 206Pb dates of 685, 722 and 817 Ma
(Fig. 13; Table 1), corresponding to the range shown by the zircons of the Unit 5
sandstone.
Discussion.
Interpretation of the geochronology results
The geochronology of the metamorphic clasts does not convincingly date
individual metamorphic growth events. The lower intercept of the linear trend in the
monazite data (183-1137A-35R2, 46-47 cm; Fig. 7) combined with the circumstantial
evidence of the 4 Ar/ 3 9Ar analyses of individual biotites and with the -500 Ma
chemical dates (Figs. 9, 10) provides the strongest evidence for a metamorphic event at
-550 Ma. However, the -100 myr scatter in the late Proterozoic chemical dates (473-
578 Ma; Fig. 9c, 1; Fig. 10f, i) probably indicates Pb loss since the growth of the
monazite rims.
There is circumstantial evidence that the detrital zircons and monazite cores
may record three other growth events, although the relationship of these events to the
history of the gneiss clasts is unclear. Monazite ml in 183-1137A-35R2, 46-47 cm is the
only analyzed monazite that is completely enclosed by garnet (Fig. 14). The youngest
date on the rim of this monazite is 695 Ma (Table 3). That this monazite lacks the
younger rim dates seen elsewhere (473-578 Ma) suggests that this crystal was armored
from the youngest metamorphic event.
Histograms of the dates obtained by TIMS and by electron microprobe for the
metamorphic clasts shows that, for both techniques, the dates range from -500 Ma to
-1000 Ma (Fig. 15). The peak for the monazite dates occurs in the 700-800 Ma range
for all three metamorphic samples and the upper intercept of the monazite data for
sample 183-1137A-35R2, 46-47 cm is 796 Ma (Fig. 7), suggesting that a significant event
may have occurred at -800 Ma. Finally, three of the monazite cores record dates of
-940 (n=10 spots), although this range probably indicates Pb loss of a slightly older
event (1000 Ma?).
Provenance of Proterozoic gneiss clasts and detrital zircons
What is the source of Proterozoic continental clasts and detrital zircons within
the Cretaceous Kerguelen Plateau? High-grade metamorphic rocks, including garnet-
bearing gneisses, exist at the margins of the Indian Ocean in Antarctica, Australia and
the Indian sub-continent (Fig. 16). Geochronologic studies of these rocks commonly
yield evidence for Late Archean to Early Proterozoic magmatism and metamorphism
followed by Middle to Late Proterozoic metamorphism associated with the formation
and dispersal of the Gondwana supercontinent which, frequently, is broadly
described as the Pan-African event. For example, high-grade metamorphic rocks
show a bimodal age distribution in the Prydz Bay area of Eastern Antarctica (-550 and
1150 Ma from Sm-Nd isochrons from leached garnet separates; Zhou and Hensen,
1995) and in the Eastern Ghats of India (-550 and -960 Ma from U-Pb dating of zircon;
Mezger and Cosca, 1999; Shaw et al., 1997). U-Pb analyses of zircon and monazite
from paragneisses and plutonic rocks in West Australia yield dates from -1080 to
1300 Ma (Bruguier et al., 1999 and references therein).
The geochronology of the Site 1137 zircons and monazites appear to record
three events (>1000, -800, ~550 Ma), and these events appear contemporaneous with
the metamorphism recorded in the gneisses of India, Antarctica and West Australia
(Fig. 16). The zircons and the high Y cores of some of the monazites illustrate the
-950-1000 Ma event which correlates globally with the older rocks of Prydz Bay, the
Eastern Ghats, and West Australia. The greatest abundance of monazite dates fall in
the range of -670-800 Ma and most of the zircon Pb-Pb dates fall within this range or
slightly older. The upper intercept of the monazite mixing line (sample 183-1137A-
35R2, 46-47 cm; Fig. 7) provides additional evidence for a metamorphic event at -800
Ma. It is nearly impossible that a single metamorphic event would endure for -130
(from 670 to 800 Ma) million years, an indication that further U-Pb work may reveal
two events, or constrain the Pb loss event(s) which create this spectrum of dates.
Several observations provide a compelling temporal match to the Proterozoic
assembly of Gondwana: 1) the lower intercept of the monazite mixing line (sample
183-1137A-35R2, 46-47 cm; Fig. 7) is 554 Ma, 2) a concordant zircon age from the
sandstone is 533 Ma, 3) 4 Ar/ 39Ar dating of biotite grains suggest a minimum date of
550 Ma for the metamorphic event producing the biotites (M. Pringle, personal
communication), and 4) chemical dates for the rims of monazites from two clasts fall
between 473 and 578 Ma. Of the continental margins which are potential sources or
analogues for the source of the garnet gneiss clasts, the Eastern Ghats and the
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Chotanagpur and Shillong Plateaus, all located along the eastern margin of India,
provide the closest match to the temporal range observed in Site 1137 gneisses (Fig.
17). The metamorphic events affecting the Eastern Ghats metamorphic rocks have
been particularly well documented (Mezger and Cosca, 1999; Rao et al. 1998, Shaw et
al., 1997) whereas the geochronology of the Chotanagpur and Shillong Plateaus is
based largely on whole rock and mineral Rb-Sr isochrons (Sarkar, 1995; Ghosh et al.,
1994; Ghose, 1983 and references therein). However, all potential sources for the clasts
and the detrital zircons are now thousands of kilometers from Elan Bank (Fig. 1).
Further information on the provenance of the Elan Bank garnet-biotite gneiss
clasts may be revealed by identification of the tectonic environment in which the
sandstone and conglomerate units were deposited. 4 Ar/ 39Ar geochronology of whole
rock and sanidine separates from the rhyolite clasts in Unit 6, from the basalt flows,
and from the Unit 9 crystal vitric tuff, in conjunction with the U-Pb geochronology of
the volcanic zircons reported here, establish that the Site 1137 units were deposited at
109 Ma or shortly thereafter (Pringle and Duncan, 2000). This middle Cretaceous date
agrees well with the previous dating of basalts from the adjacent southern Kerguelen
Plateau (Pringle and Duncan, 2000; Storey et al., 1996) and suggests that alkalic and
basaltic volcanism on or near the Elan Bank occurred slightly after the basaltic
volcanism of the Southern Kerguelen Plateau (Pringle and Duncan, 2000).
Based on plate-tectonic reconstructions, the nearest continental margin during
the deposition of the Unit 6 conglomerate (-108-110 Ma) was the eastern margin of
India (Fig. 18; e.g., M6ller et al., 1993; Royer et al., 1992). Muler et al. (1993) suggest
that the Kerguelen Plateau formed initially on the Indian Plate and later transferred to
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the Antarctic plate. Seafloor magnetic anomalies off the western coast of Australia
indicate that India and Australia began separating at -133 Ma and that rifting
propagated southward along the coast of India (Veevers et al., 1985 and references
therein). Identification of magnetic anomalies in the Bay of Bengal remains
controversial since the age of the earliest anomaly is variably identified as -133 Ma
(Ramana et al., 1994) or as ~116 Ma (Banerjee, 1995). Until seafloor anomalies are
identified in the Enderby Basin off the coast of Antarctica, the timing of separation
between India and Antarctica is bracketed by the age of India-Australia separation
(~133 Ma) and by the oldest basalt recovered from the Kerguelen Plateau (119 Ma;
Pringle and Duncan, 2000). Separation of Elan Bank from India and/or Antarctica is
similarly unconstrained.
Along the eastern margin of India, the assembly of Gondwana created the
metamorphic overprinting seen in rocks of the Indian Proterozoic orogenic belts (e.g.,
Mezger and Cosca, 1999; Shaw et al., 1997). These are exposed in the Eastern Ghats
region and along the margin of northeastern India (Figs. 16-17). The ~116 Ma basalts
of the Rajmahal (Mahoney et al., 1983) and Sylhet Traps (Kent et al., 1997) have been
linked to the activity of the Kerguelen plume and paleolatitudes of the Rajmahal
basalts (~45' S) and paleolatitudes for Site 1137 basalts (~48' S) overlap within error
(Coffin et al., 2000; Torsvik et al., 1998). Furthermore, the Sr, Nd and Pb isotopic
compositions of Site 1137 basalts overlap with the isotopic compositions of Rajmahal
Group II basalts (Weis et al., submitted). If Elan Bank was still connected to India at
-108 Ma, a river system on the eastern margin of India may have deposited the Unit 6
conglomerate. Elan Bank would have been rifted from India shortly after the
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deposition and transferred southward by one or more ridge jumps. Problems with
this model include the 8 million year gap between the emplacement of the Rajmahal
Traps and the eruption of the Elan Bank basalts and the proximity of Elan Bank to the
Eastern Ghats region at 110 Ma (Fig. 18), some 700 km from the Sylhet and Rajmahal
Traps.
An alternative model to explain the presence of gneiss clasts at Site 1137
invokes the incorporation of a continental lithospheric fragment into the Indian Ocean
lithosphere during the breakup of eastern Gondwana. The presence of the Kerguelen
plume may have been particularly effective at weakening the continental lithosphere,
leading to the isolation of continental fragments (e.g. Storey et al., 1995 and Zeyen et
al., 1997). Subsequently, local erosion of the uplifted or high-standing continental
fragment would result in the deposition of the conglomerate-sandstone sequence.
Isotopic compositions of basalts below and above the conglomerate support the
presence of continental lithosphere within Elan Bank. For example, basalts from units
7 and 8 have anomalously high Sr and Pb isotopic ratios (87Sr/ 86Sr=0.7059,
2 07 Pb/ 204Pb=15.64, 20 8Pb/ 204 Pb=39.07; Ingle et al., 2000; Weis et al., 2001). Weis et al.,
(2001) persuasively argued that assimilation of continental crust by Kerguelen plume
melts lead to the isotopic trends of the Site 1137, Elan Bank basalts. Furthermore,
Charvis et al. (1997) demonstrated that seismic waves travelling through the crust of
Elan Bank have lower velocities than expected for a gabbroic lower crust. The authors
suggested that the lower crust of Elan Bank consists of continental material, and
subsequent estimates have revised the thickness of low seismic material to half or
more of the total crustal thickness (Borissova et al., 2000; M. F. Coffin, personal
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communication). Based on this seismic evidence, veneer of basalt a few kilometers
thick may cover a continental lithosphere fragment in the 17 km thick crust of Elan
Bank.
Several small landmasses in the Indian Ocean basin - such as Madagascar, Sri
Lanka and the Seychelles Islands - consist primarily of continental material (Kr6ner et
al., 1994; Torsvik et al., 1998; Weis and Deutsch, 1984). Seismic data and dredge hauls
containing gneissic clasts from the submarine Mozambique Ridge and the Agulhas
Plateau (Allen and Tucholke, 1981; Ben-Avraham et al., 1995) indicate that
fragmentation of continental crust was a common process in the early history of the
Indian Ocean.
The Afar and Woodlark basins provide modern examples of the efficacy of
continental fragmentation through ridge propagation, ridge jumps and seafloor
spreading (Manighetti et al., 1998; Taylor et al., 1995). In particular, fragmentation of
continents and rifting seems linked to the presence of mantle hotspots; the Ethiopian
hotspot weakens the continental crust at the Arabia-Somalia plate boundary, and the
Reunion hotspot, associated with the Deccan traps, influenced the rifting of the
Seychelles from India-Africa (Manighetti et al., 1998; Devey et al., 1992). Similarly, we
suggest that a continental fragment may exist in the crust of Elan Bank and that this
fragment is observed in part as a low velocity zone in the lower crust (Charvis et al.,
1997; Borissova et al., 2000). Assimilation of continental material would also explain
the Sr, Nd, Pb, and Hf isotopic compositions of Elan Bank basalts. After rifting of the
continental fragment, early ridge jumps and the reorganization of plate boundaries at
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96 Ma (Powell et al., 1988) transferred the fragment to the Antarctic plate, and
continued ridge spreading isolated the fragment in the southern Indian Ocean.
References.
Allen, R. B., and Tucholke, B. E., 1981, Petrography and implications of continental
rocks from the Agulhas Plateau, southwest Indian Ocean: Geology v. 9, p. 463-
468.
Banerjee, B., 1995, Signals of Barremian (116 Ma) or younger oceanic crust beneath the
Bay of Bengal along 14*N latitude between 81'E and 93*E: Mar. Geology v. 128,
p. 17-23.
Ben-Avraham, Z.; Hartnady, C. J. H.; le Roex, A. P. 1995, Neotectonic activity on
continental fragments in the Southwest Indian Ocean; Agulhas Plateau and
Mozambique Ridge: J. Geophys. Res. v. 100, p. 6199-6211.
Borissova, I., Coffin, M.F., Moore, A., Sayers, J., Symonds, P., and Teliatnikov, I., 2000,
Volcanostratigraphy of the Elan Bank (Kerguelen Plateau) and implication for
the regional tectonics: Eos, Trans. AGU v. 81, p. 431.
Bruguier, 0., Bosch, D., Pidgeon, R.T., Byrne, D.I., and Harris, L.B., 1999, U-Pb
chronology of the Northampton Complex, Western Australia - evidence for
Grenvillian sedimentation, metamorphism and deformation and geodynamic
implications: Contrib. Mineral. Petrol. v. 136, p. 258-272.
Charvis, P., Operto, S., Lesne, 0., and Royer, J, 1997, Velocity structure of the
Kerguelen volcanic province from wide-angle seismic data: petrological
implications: Eos, Trans. AGU v. 78, p. F711.
Coffin, M. F., Davies, H. L., and Haxby, W. F., 1986, Structure of the Kerguelen Plateau
province from Seasat altimetry and seismic reflection data: Nature v. 324, p. 134-
136.
Coffin, M.F., and Eldhom, 0., 1994, Large igneous provinces: crustal structure,
dimensions, and external consequences: Rev. Geophys. v. 32, p. 1-36.
Coffin, M. F., Frey, F. A., Wallace, P. J., and Party, and the Leg 183 Shipboard Scientific
Party, 2000, Kerguelen Plateau-Broken Ridge, Sites 1135-1142: Proc. ODP, Init.
Repts. v. 183 [CD-ROM], Ocean Drilling Program, Texas A&M University,
College Station, TX 77845-9547, U.S.A.
Curray, J. R., and Munasinghe, T., 1991, Origin of the Rajmahal Traps and 85'E ridge:
preliminary reconstructions of the trace of the Crozet hotspot: Geology v. 19, p.
1237-1240.
Devey, C. W., Stephens, W. E., Storey, B. C., Alabaster, T., and Pankhurst, R. J., 1992,
Deccan-related magmatism west of the Seychelles-India Rift Magmatism and
the causes of continental break-up: Geological Society Special Publications, v. 68, p.
271-291.
Dietz, R.S., and Holden, J.C., 1970, Reconstruction of Pangaea: Breakup and dispersion
of continents, Permian to present: J. Geophys. Res. v. 75, p. 4939-4956.
Dosso, L., Vidal, P., Cantagrel, J.M., Lameyre, J., Marot, A., and Zimine, S., 1979,
"Kerguelen: continental fragment or oceanic island?"; petrology and isotopic
geochemistry evidence: Earth Planet. Sci. Lett. v. 43, p. 46-60.
Duncan, R., and Pringle, M., 2000, Basement ages from the Northern Kerguelen
Plateau and Broken Ridge: Eos, Trans. AGU v. 81, p. S424.
Duncan, R. A., and Richards, M., 1991, Hotspots, mantle plumes, flood basalts, and
true polar wander: Rev. Geophys. v. 29, p. 31-50.
Dupr6, B., and Allegre, C. J., 1983, Pb-Sr isotope variation in Indian Ocean and mixing
phenomena: Nature v. 303, p. 142-146.
Frey, F.A., D. Weis, H.-J. Yang, K. Nicolaysen, H. Leyrit, A. Giret, 2000a, Temporal
geochemical trends in Kerguelen Archipelago basalts: evidence for decreasing
magma supply from the Kerguelen Plume, Chem. Geology v. 164, pp. 61-80.
Frey, F., Coffin, M.F., Wallace, P., Weis, D., and the Leg 183 Shipboard Scientific Party,
2000b, Origin and evolution of a submarine large igneous province: the
Kerguelen Plateau and Broken Ridge, southern Indian Ocean: Earth Planet. Sci.
Lett. v. 176, p. 73-89.
Gautier, I., Weis, D., Mennessier, J.-P., Vidal, P., Giret, A., and Loubet, M., 1990,
Petrology and geochemistry of Kerguelen basalts (South Indian Ocean):
evolution of the mantle sources from ridge to an intraplate position: Earth
Planet. Sci. Lett. v. 100, p. 59-76.
Ghose, N., 1983, Geology, tectonics and evolution of the Chhotanagpur granite-gneiss
complex, eastern India, in Roy, S., ed., Structure and tectonics of Precambrian rocks
of India: Recent Researches in Geology, New Delhi, Hindusthan Pub. Co., p. 211-
247.
Ghosh, S., Chakraborty, S., Paul, D. K., Bhalla, J. K., Bishui, P. K., and Gupta, S. N.,
1994, New Rb-Sr isotopic ages and geochemistry of granitoids from Meghalaya
and their significance in Middle- to Late Proterozoic crustal evolution: Indian
Minerals v. 48, p. 33-44.
Ingle, S., Weis, D., Frey, F., Nicolaysen, K., Scoates, J., Duncan, R., 2000, Evidence for
assimilation of continental crust by plume-derived basaltic magmas during
formation of Elan Bank, Kerguelen Plateau: results from Site 1137, ODP Leg
183: Eos, Trans. AGU v. 81, p. S425-S426.
Kent, R.W., Saunders, A.D., Kempton, P.D., and Ghose, N.C., 1997, Rajmahal basalts,
Eastern India: mantle sources and melt distribution at a volcanic rifted margin:
in Mahoney, J.J., and Coffin, M.F., eds., Large Igneous Provinces: Continental,
Oceanic, and Planetary Flood Volcanism, Geophys. Mono. v. 100: Washington,
AGU, p. 145-182.
K6nnecke, L., Coffin, M. F., Charvis, P., Symonds, P., Ramsay, D., and Bernadel, G.,
1997, Crustal structure of Elan Bank, Kerguelen Plateau: Eos, Trans. AGU v. 78,
p. F712.
Kr6ner, A., Jaeckel, P., and Williams, I.S., 1994, Pb-loss patterns in zircons from a high-
grade metamorphic terrain as revealed by different dating methods: U-Pb and
Pb-Pb ages for igneous and metamorphic zircons from northern Sri Lanka:
Precamb. Res. v. 66, p. 151-181.
Ludwig, K.R., 1980, Calculation of uncertainties of U-Pb isotope data: Earth Planet. Sci.
Lett. v. 46, p. 212-220.
Mahoney, J.J., Jones, W.B., Frey, F.A., Salters, V.J.M., Pyle, D.G., and Davies, H.L.,
1995, Geochemical characteristics of lavas from Broken Ridge, the Naturaliste
Plateau and southernmost Kerguelen plateau: Cretaceous plateau volcanism in
the southeast Indian Ocean: Chem. Geol. v. 120, p. 315-345.
Mahoney, J.J., McDougall, J.D., Lugmair, G.W., and Gopalan, K., 1983, Kerguelen hot
spot source for the Rajmahal traps and Ninetyeast Ridge: Nature v. 303, p. 385-
389.
Manighetti, I., Tapponnier, P., Gillot, P., Jacques, E., Courtillot, V., Armijo, R., Ruegg,
J., and King, G., 1998, Propagation of rifting along the Arabia-Somalia plate
boundary: Into Afar: J. Geophys. Res. v. 103, p. 4947-4974.
Mezger, K., and Cosca, M.A., 1999, The thermal history of the Eastern Ghats Belt
(India) as revealed by U-Pb and "Ar/ 39Ar dating of metamorphic and magmatic
minerals; implications for the SWEAT correlation: Precamb. Res. v. 94, p. 251-
271.
Montel, J., Foret, S., Veschambre, M., Nicollet, C., and Provost, A., 1996, Electron
microprobe dating of monazite: Chem. Geol. v. 131, p. 37-53.
Morgan, W.J., 1981, Hotspot tracks and the opening of the Atlantic and Indian oceans,
in Emiliani, C., ed., The Sea (vol. 7): New-York, Wiley-Interscience, p. 443-487.
Miller, R.D., Royer, J.Y., and Lawyer, L.A., 1993, Revised plate motions relative to the
hotspots from combined Altantic and Indian Ocean hotspot tracks: Geology v.
21, p. 275-278.
Nicolaysen, K., Bowring, S., Frey, F., Weis, D., Pringle, M., Coffin, M., and Leg 183
Shipboard Scientific Party, 2001, Provenance of Proterozoic garnet-biotite gneiss
recovered from Elan Bank, Kerguelen Plateau, southern Indian Ocean: Geology
in press.
Nicolaysen, K., Frey, F., Hodges, K., Weis, D., and Giret, A., 2000, 4 0A r /39Ar
geochronology of flood basalts from the Kerguelen Archipelago, southern
Indian Ocean: implications for Cenozoic eruption rates of the Kerguelen plume:
Earth Planet. Sci. Lett. v. 174, p. 313-328.
Nougier, J., and Lameyre, J., 1972, The problem of the origin of the plutonic rocks of
the Kerguelen Islands, southern Indian Ocean: Eos, Trans. AGU v. 53, p. 547.
Pouchou, J. L., and Pichoir, F., 1984, A new model for quantitative X-ray
microanalysis, Part I: Application to the analysis of homogeneous samples: La
Recherche Aerospat. v. 3, p. 13-38.
Powell, C. M., Roots, S. R., Veevers, J. J., Scotese, C. R., and Sager, W. W., 1988, Pre-
breakup continental extension in East Gondwanaland and the early opening of
the eastern Indian Ocean. Mesozoic and Cenozoic plate reconstructions:
Tectonophys. v. 155, p. 261-283.
Pringle, M., Storey, M., and Wijbrans, J., 1994, 40Ar/ 39Ar geochronology of mid-
Cretaceous Indian ocean basalts: constraints on the origin of large flood basalt
provinces: Eos, Trans. AGU v. 75, p. 728.
Pringle, M.S., and Duncan, R.A., 2000, Basement Ages from the Southern and Central
Kerguelen Plateau: Initial Products of the Kerguelen Large Igneous Province:
Eos, Trans. AGU v. 81, p. 424.
Pringle, M.S., Nicolaysen, K., Lee, M.R., and Parsons, I., 2000, Ar/Ar and U/Pb ages of
felsic igneous clasts recovered from ODP Site 1137, Kerguelen Plateau,
Southern Indian Ocean: Eos, Trans. AGU v. 81, p. 432.
Ramana, M.V., Nair, R.R., Sarma, K.V.L.N.S., Ramprasad, T., Krishna, K.S.,
Subrahmanyam, V., D'Cruz, M., Subrahmanyam, C., Paul, J., Subrahmanyam,
A.S., and Chandra Sekhar, D.V., 1994, Mesozoic anomalies in the Bay of Bengal:
Earth Planet. Sci. Lett. v. 121, p. 469-476.
Rao, A. T., Fonarev, V. I., Kontlov, A. N., and Romanenko, M., 1998, Electron
microprobe dating of monazite from spinel granulite in the Eastern Ghats Belt,
India: J. Geol. Soc. India v. 52, p. 345-350.
Richards, M., Duncan, R., and Courtillot, V., 1989, Flood basalts and hot-spot tracks:
plume heads and tails: Science v. 246, p. 103-107.
Royer, J.-Y., Sclater, J.G., Sandwell, D.T., Cande, S.C., Schlich, R., Munschy, M.,
Dyment, J., Fischer, R.L., Mfller, R.D., Coffin, M.F., Patriat, P., and Bergh, H.,
1992, Indian Ocean plate reconstructions since the Late Jurassic, in Duncan,
R.A., Rea, D.K., Kidd, R.B., von Rad, U., and Weissel, J.K., eds., Synthesis of
Results from Scientific Drilling in the Indian Ocean, Volume 70: Washington DC,
American Geophysical Union, p. 471-475.
Sarkar, S. N., 1995, Multiple methods of dating in solving chronostratigraphic
problems of Precambrian terrains of India - examples from Singhbhum-Orissa
region, eastern India and Madhya Pradesh, central India: Indian J. Geol. v. 67, p.
89-109.
Schmitz, M. D., and Bowring, S. A., 2000, The significance of U-Pb zircon dates in
lower crustal xenoliths from the southwestern margin of the Kaapvaal craton,
southern Africa: Chem. Geol. in press.
Shaw, R.K., Arima, M., Kagami, H., Fanning, C.M., Shiraishi, K., and Motoyoshi, Y.,
1997, Proterozoic events in the Eastern Ghats granulite belt, India; evidence
from Rb-Sr, Sm-Nd systematics, and SHRIMP dating: J. Geol. v. 105, p. 645-656.
Spear, F. S., 1995, Metamorphic Phase Equilibria and Pressure-Temperature-Time Paths:
Monograph of the Mineralogical Society of America, Washington, D.C. 799
pages.
Stacey, J.S., and Kramers, J.D., 1975, Approximation of terrestrial lead isotope
evolution by a two-stage model: Earth Planet. Sci. Lett. v. 26, p. 207-221.
Storey, M., Saunders, A.D., Tarney, J., Gibson, I.L., Norry, M.J., Thirwall, M.F., Leat, P.,
Thompson, R.N., and Menzies, M.A., 1989, Contamination of Indian Ocean
asthenosphere by the Kerguelen-Heard mantle plume: Nature v. 338, p. 574-576.
Storey, B. C., 1995, The role of mantle plumes in continental breakup: case histories
from Gondwanaland: Nature v. 377, p. 301-308.
Storey, M., Pringle, M. S., Coffin, M. F., and Wijbrans, J., 1996, Geochemistry and
geochronology of Kerguelen Plateau basalts: results from ODP Legs 119 and
120: Eos, Trans. AGU v. 76, p. 123.
Sun, S.-S., and McDonough, W. F., 1989, Chemical and isotopic systematics of oceanic
basalts: implications for mantle composition and processes, in Saunders, A. D.,
and Norry, M. J., eds., Magmatism in the Ocean Basins: Geological Society spec.
pub., London, Blackwell Scientific Publications, p. 313-345.
Taylor, B., Goodliffe, A., Martinez, F., and Hey, R., 1995, Continental rifting and initial
sea-floor spreading in the Woodlark Basin: Nature v. 374, p. 534-537.
Torsvik, T., Tucker, R., Ashwal, L., Eide, E., Rakotosolofo, N., and Wit, M.d., 1998, Late
Cretaceous magmatism in Madagascar: palaeomagnetic evidence for a
stationary Marion hotspot: Earth Planet. Sci. Lett. v. 164, p. 221-232.
Veevers, J. J., Tayton, J., Johnson, B. D., and Hansen, L., 1985, Magnetic expression of
the continent-ocean boundary between the western margin of Australia and the
eastern Indian Ocean: J. Geophys. v. 56, p. 106-120.
Watt, G., 1995, High-thorium monazite -(Ce) formed during disequilibrium melting of
metapelites under granulite-facies conditions: Mineral. Mag. v. 59, p. 735-743.
Weis, D., and Deutsch, S., 1984, Mantle origin with slight upper crust interaction for
alkaline anorogenic complexes: Nd and Pb isotope evidence from the Seychelles
granites and their xenoliths: Chem. Geol. v. 2, p. 13-36.
Weis, D., and Frey, F.A., 1996, Role of the Kerguelen Plume in generating the eastern
Indian Ocean seafloor: J. Geophys. Res. v. 101, p. 13,381-13,849.
Weis, D., Ingle, I., Nicolaysen, K., Frey, F., Damasceno, D. Barling, J., and Leg 183
Shipboard Scientific Party, 2001, The origin of continental components in Indian
Ocean mantle-derived magmas: Evidence from Elan Bank (Kerguelen Plateau -
ODP Leg 183, Site 1137): Geology in press.
Whitechurch, H., Montigny, R., Sevigny, J. H., Storey, M., and Salters, V., 1992, K-Ar
and *Ar/ 39Ar ages of central Kerguelen Plateau Basalts: Proceed. ODP, Sci. Res.
v. 120, College Station, TX (ODP), p. 71-77.
Williams, M. L., Jercinovic, M. J., and Terry, M. P., 1999, Age mapping and dating of
monazite on the electron microprobe: Deconvoluting multistage tectonic
histories: Geology v. 27, p. 1023-1026.
Zeyen, H., Volker, F., Wehrle, V., Fuchs, K., Sobolev, S., and Altherr, R., 1997, Styles of
continental rifting: crust-mantle detachment and mantle plumes: Tectonophys. v.
278, p. 329-352.
Zhou, B., and Hensen, B.J., 1995, Inherited Sm/Nd isotope components preserved in
monazite inclusions within garnets in leucogneiss from East Antarctica and
implications for closure temperature studies: Chem. Geol. v. 121, p. 317-326.
Zhu, X. K., and O'Nions, R. K., 1999a, Monazite chemical composition: some
implications for monazite geochronology: Contrib. Mineral. Petrol. v. 137, p. 351-
363.
59
Zhu, X. K., and O'Nions, R. K., 1999b, Zonation of monazite in metamorphic rocks and
its implications for high temperature thermochronology: a case study from the
Lewisian terrain: Earth Planet. Sci. Lett. v. 171, p. 209-220.
Table 1- U-Pb isotopic results for Site 1137 zircons and monazites by Thermal Ionization Mass Spectrometry
Composition Isotopic ratios Dates (Ma)
Sample weight Th/U Pb 2Pb/*P 
20Pb/ mPb/"iU error "7Pb/2'U error 2WPb/2-p error cot Pb/2"U P/SU 2Pb/2Pb discordanc(pm) b 20Pb b relation Pb/ 207Pb/U sebPb e
fraction (mg) (ppm) (Pig) % % % coeff. %
a c d d e f f q f q f q
183-1137A-3, 50-54 cm
volcanic lithic sandstone
z1
z2
z3
z4
183-1137A-34R2, 83-93 cm
flow banded rhyolite
z1
z2
z3
0.003 884
0.001 523
0.001 1009
0.001 514
0.001 160 028 39 21.8
0 001 131 0.25 23 12.3
0.000 236 0.24 34 11.0
1649
451
2433
1848
0.065 0 14527 ( 07) 1 40795 ( 19) 0.07029 (.17) 0.473
0.055 0.10799 (.28) 0 93479 (.48) 0 06278 (.37) 0.647
0.017 0 25008 (08) 5.82583 (.10) 0.16896 (.05) 0.868
0 0.08611 (.23) 0 68996 (.27) 0.05811 (.15) 0.837
8744 892 3 936.9 ± 3.4
661.1 670.1 700.8 ± 7.8
1438 9 1950 3 2547.3 * 0.8
532.5 532.8 533.9 * 3.3
0.471 0 01600 (2 7) 0.12803 (34.7) 0.05803 (32 6) 0.788 102.3 122.3 530.8 ± 714 4
0.447 0 01693 (2.8) 0 13963 (22 7) 0.05982 (21.3) 0 554 108.2 132.7 597.1 ± 461.1
0.454 0.01717 (3 2) 0.14421 (27 3) 0 06090 (25.3) 0.653 109.8 136.8 635.8 ± 545.1
183-1137A-34R4, 118-120 cm
garnet-biotite gneiss
z1
z2
z3
ml
m2
m3
m3b
m3d 0
183-1137A-35R2, 46-47 cm
garnet-biotite gneiss
1z1i
0.004 1413
0.010 410
0.001 1008
0.009 1977
0.001 4504
0.001 5487
0001 4950
.0002 4924
0.002 4469
0.26
0.46
0.19
31.10
23.41
17.87
21.51
22.99
1z2 0.006 218
1z3 0.004 796
1z4 0.015 414
ml 0.000 10433
m2 0.002 5461
m3 0001 6717
m5 0.0003 23078
183-1137A-36R1, 32-37
garnet gneiss
iz1
1z2
0.006 178
0.004 139
141
74
128
2467
3695
3439
3897
4722
376
8
35
41
6059
3806
4968
17912
2.4
4.3
2.3
95
37 7
3.6
121 3
66.9
1.3
14
1.5
91
15.3
7.3
4.8
12.4
13427
11145
5117
15051
898
10117
197
152
7750
2292
6544
4438
3031
4434
5875
6908
0.109
0.124
0.063
10.271
7.788
5.806
7.340
7.625
0.044
0.012
0.017
0.020
4.916
5 555
5.916
6.375
0.09846 (.08) 0 89152 (.09) 0.06567 (.05)
0.17579 (06) 1 70509 (.08) 0.07035 (.05)
0.13035 (15) 1.20323 (.18) 0.06695 (.10)
0.12696 (.10) 1.16537 ( 11) 006657 (.05)
0.10604 (.08) 0.91590 (.18) 006264 (15)
0 10530 (.06) 0.90079 (.08) 0.06204 (.05)
0.10320 (.15) 0.89081 (.79) 0.06261 (73)
0.12003 (.11) 1.08058 (90) 0.06529 (.84)
0.08781 (.10) 0 79981 (.12) 0.06606 (06)
003919 (.12) 0.33486 (22) 0.06198 (18)
0.04703 (.08) 040304 ( 11) 0.06216 (.08)
010472 (41) 0.93761 (.43) 0.06494 (13)
0.11189 (10) 097239 (.14) 0.06303 (10)
0.12133 (.09) 1 07768 (.12) 0.06442 (.08)
0.12221 (.08) 1.08724 (.11) 0.06452 (.07)
0.12035 (12) 1.06767 (.15) 0.06434 (09)
0.865
0.789
0.835
0.903
0530
0.770
0.489
0.655
0855
0.601
0706
0.957
0683
0752
0762
0.790
605.4
1043.9
789.9
770.5
649.7
645.4
633 1
730.8
542.6
247.8
296.2
642.0
683.7
738.2
743.3
732.6
19 1 9 3915 0.0729 0.11119 (.09) 1.05190 (.15) 0.06861 (.12) 0 655 679.7
13 1.8 1911 0.0712 0 09890 (.13) 0.91380 (.18) 0.06701 (.11) 0.769 608.0
647.2
10104
802.1
784.5
660.2
652.2
646 8
743.9
596.7
293.3
343.8
671.6
689.7
742.5
747.2
737.6
729.8
659.1
795.8 *1.0
938.5 * 3.2
836.1 ± 2.1
824.4 * 1.0
696.2 ± 3.2
675.5 ± 1.1
694.9 * 15.6
783.7 ± 17.6
808.3
673.3
679.6
772.3
709.2
755.4
758.8
752.9
25.1
-12.2
5.9
6.9
7.0
4.7
9.3
7.1
34.3
64.4
57.7
17.7
38
2.4
2.2
2.8
887.0 24.6
838.1 28.8
183-1137A-35R1, 103-110 cm
sandy layer of conglomerate matrix
1z1b 0005 175 0.73 21 1.6
2zlb 0.007 1175 0.22 121 65
2z2a 0.010 94 0.95 14 4.3
0.246 0.10819 (.17) 0 94603 (22) 0.06342 (14) 0.787 662.2
0.074 0 10475 ( 07) 0.90028 ( 09) 0.06233 ( 05) 0 831 642.2
0 312 0 12611 (.11) 1 15361 (.16) 0.06635 (.12) 0 696 765.6
676.0 722.2 * 2.9 8.7
651 9 685.6 * 1.0 6.7
7789 817.4 ± 2.5 6.7
a - All fractions consisted of single crystals or fragments of crystals Aa - air abraded, cf - crystal fragment
b - Sample weights were estimated from measured dimensions (± 5 microns) of the crystals In the calculation, we assumed an ellipsoidal geometry and density of 4 5 g/cc for the zircons. For monazite, we use
c - We ratculated the Th/ti ratios from the radioenic "Ph/iPh and the iuPh /"Ph date of the amnle assuimm eni,bhriiim between the Th-Ph and the I-Ph syStems
d - Pb represents total lead concentrations in ppm and Pbc represents the common Pb fraction which includes the blank
e - The measured ratio was corrected for fractionation only Based on multiple analyses of NBS981, the Pb fractionation correction is 0 12 ± 0 04% per a m u for multicollector analyses and 0 15 ± 0 04% per a in.f- Measured ratios were corrected for fractionation, spike, blank and initial common Pb U blank is typically 1 pg + 50% Total procedural Pb blanks range from <1 to 3 pg
The initial common Pb composition was calculated using the interpreted sample age and the two-stage terrestrial lead evolution model of Stacey and Kramers (1975)
e - The 2 o error is exoressed in % The 2 s uncertaintv in the "Pb /"Pb date is in Mv
h - The discordance is calculated as the percentage between the analysis and concordia, where the line passes from the origin through the analysis to concordia
_ _ _ _
Table 2: Summary of garnet compositions of gneiss clasts from Site 1137
Sample Uvarovite Andradite Grossular Pyrope Spessartine Almandine
183-1137A-35R-2, 46-47 cm
Garnet 1 Average:
Median:
Maximum:
Minimum:
Garnet 2
Garnet 3
183-1137A-36R-1,
Garnet 1
Garnet 2
Garnet 3
Average:
Median:
Maximum:
Minimum:
Average:
Median:
Maximum:
Minimum:
32-37 cm
Average:
Median:
Maximum:
Minimum:
Average:
Median:
Maximum:
Minimum:
Average:
Median:
Maximum:
Minimum:
0.03
0.00
0.18
0.00
0.01
0.00
0.08
0.00
0.03
0.00
0.16
0.00
0.02
0.00
0.20
0.00
0.02
0.00
0.08
0.00
0.04
0.03
0.15
0.00
0.05
0.04
0.25
0.00
0.06
0.06
0.08
0.02
0.11
0.05
0.54
0.01
0.06
0.06
0.09
0.01
0.13
0.08
0.54
0.04
0.09
0.08
0.26
0.04
4.17
4.21
4.33
3.92
4.96
5.07
5.29
4.13
4.46
4.42
5.04
3.79
5.51
5.69
5.97
4.26
5.22
5.23
5.56
4.80
5.51
5.62
5.85
4.16
19.62
20.23
21.06
13.65
20.55
20.68
21.17
17.32
20.00
20.10
21.15
16.18
21.95
21.93
22.60
21.49
22.97
22.96
23.96
22.48
23.20
23.24
23.93
22.18
1.47
1.44
2.05
1.27
1.42
1.41
1.67
1.27
1.41
1.41
1.61
1.28
1.63
1.60
1.89
1.43
1.65
1.66
1.80
1.51
1.75
1.74
1.90
1.60
74.67
74.07
80.06
73.43
73.01
72.77
75.82
72.36
73.98
73.80
77.64
73.06
70.82
70.81
71.50
70.36
70.00
69.96
70.85
69.24
69.41
69.40
70.36
68.76
These represent averages of -20 point line transects measured by the Cameca SX50 electron micrprobe at University of
Massachusetts, Amherst. The operating conditions include a sample current of 15 nA and a beam current of 15 kV. The
spot size was -1-2 pm in diameter. Matrix corrections were done using the PAP technique.
Table 3: Electron microprobe analyses of Y, Th, U and Pb in monazites from gneiss clasts 183-1137A-35R2, 46-47 cm and 183-1137A-36R1, 32-37cm
Sample ppm. Individual Age Terms
183-1137A: Grain Y Th U Pb P b b 20spb d 
20Pb 2 Pb r Age (Ma) std. dev. Comments
35. 3516738 74 9345/b/V~Z4./i/
35R2, 46-47 cm
35R2, 46-47 cm
35R2, 46-47 cm
35R2, 46-47 cm
35R2, 46-47 cm
35R2, 46-47 cm
35R2, 46-47 cm
35R2, 46-47 cm
35R12,46-47 cm
ml
ml
ml
ml
ml
ml
ml
ml
ml
87048
87646
84219
87102
55204
52829
50244
76965
74942
6000
6125
6398
6015
4857
4664
4528
3976
3963
3585
3691
3496
3652
2338
2145
2051
3189
3089
3581 697
3687.6322
3492.4954
3648.8086
2334.7942
2141.5584
2047.679
3181.9134
3080.7956
3582 07948
3687.46338
3493.42813
3651.39703
2336.34456
2142.17584
2046.95014
3183.43911
3081.82309
2913.42547
2990.72644
2788.5208
2968.15312
1807.51506
1656.93846
1575.86204
2714.91226
2619.37097
627.77762
653.874233
661.963538
641.229973
496 726592
456.168772
442.86711
439.380712
433 773532
40.8763872
42.8627047
42.9437916
42.0139392
32.1029131
29.0686116
28.2209849
29.1461469
28.6785882
35R2, 46-47 cm m2 1979 74987 5615 3018 3014.4378 3014.36566 2413.89956 564.207505 36.2585947
35R2,46-47 cm m2 1597 94772 5258 3574 3571 1254 3571 46818 3015 96571 522 077346 33.4251228
35R2,46-47 cm
35R2,46-47 cm
35R2,46-47 cm
35R2,46-47 cm
35R2, 46-47 cm
35R2,46-47 cm
1811
1803
1758
2201
2246
1682
62239
63950
63830
67844
67959
80820
4289
4324
4274
4953
5039
5469
2487
2533
2501
1848
1873
2252
2483.7402
2529.7546
2497.8356
1844.0382
1868 9572
2248.9724
2483.51373
2530.10816
2497.31566
1844.31283
1868.4555
2249 74053
2020.69154
2065.95515
2043.01493
1489.5173
1504.39643
1842.38211
434 800821
436 09455
426 916662
335.36219
344.084126
384 868244
28 0213675
28.0584589
27.3840686
19.4333376
19.9749449
22490174
719
715.5
709
489
493
507.5
755
733
754
725
695
695
780
773
high Th core-1
high Th core-2
high Th core-3
high Th core-4
low Th rim -1
low Th rim -2
low Th rim -3
high Y core -1
high Y core -2
core 1
core 2
low Th core-1
high Th core-2
high Th core-3
high Th rim -1
high Th rim -2
high Th rim -3
35R2,46-47 cm m4 727 96798 5433 3933 3931.6914 3931 72403 3311.93285 581 628193 38.1629922
35R2, 46-47 cm m4 747 99825 5697 4166 4164.6554 4164 94417 3498 28253 625 282281 41.3793495
core -1
core -1
low Th core -1
low Th core -2
low Th core -3
low Th core -4
low Th core -5
moderate Th mantle -1
moderate Th mantle -2
moderate Th mantle -3
high Th mantle -1
high Th mantle -2
low Th rim -1
low Th rim -2
low Th rim -3
high Y core -1
high Y core -2
high Th mantle -1
high Th mantle -2
low Th rim -1
low Th rim -2
N
35R2, 46-47 cm
35R2,46-47 cm
35R2, 46-47 cm
35R2,46-47 cm
35R2, 46-47 cm
35R2, 46-47 cm
35R2, 46-47 cm
35R2, 46-47 cm
35R2,46-47 cm
35R2, 46-47 cm
35R2,46-47 cm
35R2, 46-47 cm
35R2,46-47 cm
35R2,46-47 cm
35R2,46-47 cm
35R2,46-47 cm
35R2,46-47 cm
35R2,46-47 cm
35R2,46-47 cm
20394
20703
20862
20687
16915
1133
1051
1222
958
1051
1507
1494
1437
15491
13814
4198
6727
9308
10181
29235
27469
29081
41096
14935
89756
90027
90335
99264
99823
90662
94066
91723
20116
41163
88048
88604
56319
71204
6324
6192
6422
8209
2901
4844
4743
4970
5113
5277
5124
5400
5529
3304
4054
4278
5012
8379
7591
2166
2212
2140
2674
958
3626
3616
3665
3978
4090
3635
3871
3794
1379
2388
4390
4472
3599
4286
2129 2908
2174 7346
2102.4484
2636 7634
927 553
3623.9606
3614 1082
3662.8004
3976 2756
4088.1082
3632 2874
38683108
3791 4134
1351.1162
2363 1348
4382.4436
4459 8914
3582 2456
4267.6742
926
986
912
848
832
757
755.5
758
756.5
770
726
725
761
2127 797
2174 83556
2101.15018
2638 22068
929 394124
3623.59025
3613.96235
3662.74507
3976 89035
4088.40713
3531.39594
3667 90402
3789.53959
1351 09079
2363 63816
4381.07462
4461 37284
3582.50143
4168 41757
1228 74445
1231 1669
1203 37258
1578.69698
562.676584
3070.9916
3074.04549
3094 96202
3394 02125
3475.21073
2972 66585
3079.95275
3155 18921
867.905722
1772.15221
3762 00176
3744.59301
2382.77638
3062 16937
839.323321
879 235752
838.511052
991.573446
343.36749
518.572974
506.694212
532.806856
546.987521
575.220336
524 797018
552.259336
595.221343
450.731722
551.794719
577.66268
669 05166
1119 80269
1032.04805
59.7292318
64.4329082
59.2665477
67.9502518
23 3500498
34.0256827
33.2226434
34.9762007
35.8815726
37 9760661
33.9330726
35.6919355
39.1290319
32.4533492
39.6912312
41 410177
47.7281774
79.922363
74.2001554
Table 3: continued
Sample ppm Individual Age Terms
183-1137A- Grain Y Th U Pb Pb Pb., 2 pb d 206b . 207r r Age (Ma) Comments
35R2, 46-47 cm m7
35R2, 46-47 cm m7
35R2, 46-47 cm m7
35R2, 46-47 cm m7
35R2, 46-47 cm m7
35R2, 46-47 cm m7
35R2, 46-47cm m7
35R2, 46-47 cm m7
35R2, 46-47 cm m7
35R2, 46-47 cm m7
35R2, 46-47 cm m7
35R2, 46-47 cm m7
35R2, 46-47 cm m7
35R2, 46-47 cm m7
36R1, 32-27 cm
36R1, 32-27 cm
36R1, 32-27 cm
36R1, 32-27 cm
36R1, 32-27 cm
36R1, 32-27 cm
36R1, 32-27 cm
36R1, 32-27 cm
36R1, 32-27 cm
36R1, 32-27 cm
36R1, 32-27 cm
36R1, 32-27 cm
36R1, 32-27 cm
36R1, 32-27 cm
36R1, 32-27 cm
36R1, 32-27 cm.
36R1, 32-27 cm
36R1, 32-27 cm
36R1, 32-27 cm
36R1, 32-27 cm
36R1, 32-27 cm
36R1, 32-27 cm
1736
1724
1506
1539
1684
1924
1919
1924
1837
2039
2523
3031
2590
2276
7247
4958
383
507
890
775
193
171
18869
18609
8040
218
205
231
1503
1230
358
2938
914
691
700
833
88345
88840
93763
93308
88926
48895
49014
49929
36992
77883
72434
67223
71734
66188
80990
76466
98122
84223
92757
94740
89384
91372
63021
67766
72830
58086
58992
58703
5971
5991
4907
4810
5839
3929
3856
3989
2574
5442
5390
5388
5297
4785
6596
5591
5537
5263
7456
5015
5773
5505
8992
9216
4721
4670
4639
4628
3715
3760
3806
3840
3722
1971
1959
1965
1294
2190
2003
1897
2023
1772
3841
3376
3857
3332
2595
3951
3641
3768
3824
3909
3714
2393
2407
2366
108976 5284
100752 5284
88594 4966
66548 4619
82403 6806
42520 3755
30066 3399
75227 6266
3711.8752
3756.8968
3803.2892
3837 2298
3718 9688
1967.5368
1955 5458
1961.5368
1290 6934
2186 3298
1998.4586
1891 5442
2018.338
1767.9032
3827.9554
3367.0756
3856.3106
3331.0874
2593.398
3949.605
3640 6526
3767.6922
3790.0358
3875.5038
3699.528
2392.6076
2406 631
2365.5842
3117.2946
2781.786
2726.3556
1730.7116
2387 3548
1726.7562
1127.74
2128.5006
3711 44328
3756.04813
3803 71076
3837.85313
3718.79544
1968.22028
1955.68458
1963 39556
1291.09129
2187.35248
1996 99956
1892 92123
2017.56167
1767 84834
3827.0915
3367.25167
3856.19414
3330.70339
2592.02855
3948 45082
3641 02723
3869.25895
3789.40917
3876.82912
3698.75735
2393.21816
2407.20986
2365.67833
3117.75103
2782.17382
2726.16149
1732 21241
2486 29353
1726.8272
112777229
2128.95655
3028.817
3066.24688
3238 32018
3274.20053
3050 78367
1553.75858
1550.7871
1552.23133
1050 01478
1780 74385
1606.75108
1500.32665
1625 46892
1430.60553
3006.39293
2706.12387
3246.59751
2757.66866
2053.34539
3355.023
2996 545
3221 00772
2558.11618
2659.67067
3033.98812
1888 52745
1908.49411
1874 86927
2690.14578
2374.6926
2302.16536
1412.69634
1957.21892
1335 55717
821.794133
1673 83546
640 566229
647.20443
530.468637
528.651365
626.843038
389.534151
380.577409
386.59812
227.040993
384.145385
368.82741
371 016992
370.473267
318 830116
768.722812
619.95442
572.467517
538.248313
509.127058
556.462375
605.062538
607.933773
1150.63338
1138.46294
620 765
474.120908
468.554606
461.243962
403.571304
384.819165
399.869084
302.134523
499.599393
367.820285
288.341996
430 123031
42.0600524
42.5968156
34.921943
35.0012338
41.1687355
24 9275508
24.3200799
245661119
14.035514
22.4632506
21.421069
21.5775906
21.6194852
18.41269
51 9757546
41.1733825
37.1291194
34.7864179
29.5561003
36.9654452
39.4197012
40.3174571
80.6596008
786955056
44.0042348
30.5698052
30 1611463
29.5650921
24.0339508
22.662057
24.127053
17.3815477
29.4752156
234497494
17.6361616
24 9980544
758.5
763.5
764
776
759
704
701
689
630
509
494
497
504.5
481.5
820
782.5
732.5
725
493
783
742
779.5
895
866
918
720
716.5
707.5
core -1
core -2
core -3
core -4
core -5
low Th mantle-1
low Th mantle-2
low Th mantle-3
low Th mantle-4
moderate Th rim -1
moderate Th rim -2
moderate Th rim -3
moderate Th rim -4
moderate Th rim -5
high Y core -2
high Y core -3
high Th mantle -1
low Th mantle -1
high Th rim -1
high Th mantle -1
high Th mantle -2a
high Th mantle -3
high Y core -1
high Y core -2
intermediate mantle -1
low Th rim -1
low Th rim -2
low Th rim -3
549
524.5
577.5
473
528.5
6%
607
495.5
core -1
core -2
mantle -1
rim -1
high Th mantle -1
low Th core -1
low Th core -2
rim -1
Figure captions.
Figure 1: Map of the current configuration of the east Indian Ocean basin. The
Kerguelen Plateau (light gray) was separated from Broken Ridge by the
Southeast Indian Ridge at -40 Ma. The summarized dates for the province are
cited from Duncan, 1991; Whitechurch et al., 1992; Storey et al., 1996; Duncan
and Pringle, 2000; Nicolaysen et al., 2000; Pringle and Duncan, 2000. Symbols:
X Leg 183 drill sites, 9 previous drill sites, A dredging sites.
Figure 2: The stratigraphic section for Site 1137 represents the recovered basement
units and shows the Unit 5 sandstone, the Unit 6 conglomerate and the Unit 9
crystal vitric tuff intercalated with Elan Bank basalt flows. 4 Ar/ 3 9Ar dates from
feldspar furnace experiments for Units 4, 9 and 10 constrain the timing of the
deposition of the Unit 6 conglomerate (Pringle and Duncan, 2000). Solid black
bars indicate actual recovered rock. Approximate sample locations are
indicated.
Figure 3: U-Pb concordia diagram for sample 183-1137A-34R2, 83-93 cm. The zircons
yield concordant ages whose mean is 106.8 Ma. The large error ellipses result
from the high common Pb content relative to the radiogenic Pb.
Figure 4: Plane polarized light photomicrograph of garnets within a gneiss clast (183-
1137A-35R2, 46-47 cm) from the Unit 6 conglomerate (a), and from a clast
within the Unit 9 tuff (b). Note the high relief inclusions within the garnet
which are probably zircon. The field of view is 1.4 mm.
Figure 5: Back-scattered electron (a, b, c) and cathodoluminescence (d, e,J) images of
individual zircons. Note the distinct anhedral core and the rims that show two
episodes of overgrowth.
Figure 6: Concordia plot for a garnet-biotite gneiss clast (sample 183-1137A-34R4, 118-
120 cm) from the Unit 6 conglomerate. The inset shows the abraded zircons
that were analyzed.
Figure 7: Concordia plot for sample 183-1137A-35R2, 46-47 cm, a second garnet-biotite
gneiss. The insets show the analyzed monazite (a) and zircon (b). Note that the
monazite data fall along a linear trend (MSWD=1.73) whose lower intercept
(554±19 Ma) coincides with the timing of the assembly of Gondwana (known
elsewhere as the Pan-African event). The upper intercept (797±7.2 Ma) may
indicate monazite growth due to metamorphism.
Figure 8: Concordia plot for sample 183-1137A-36R1, 32-37 cm. In contrast to the
other two garnet biotite clasts, this sample has almost no biotite and the
analyzed zircons are from the clear, nearly euhedral population (inset). In the
previous two samples, the analyzed zircons came from the population of large,
round discolored population. The degree of discordance does not correlate
simply with the visible characteristics.
Figure 9: Yttrium (a, d, g, j) and thorium (b, e, h, k) compositional maps and
backscattered electron images (c,f, i, 1) of monazite from sample 183-1137A-
35R2, 46-47 cm. M3 (a, b, c) is a subhedral grain which lacks the distinctly older
high Y, low Th core of m5 (d, e,J) and m6 (g, h, i). M7 (j, k, 1) shows at least three
growth episodes both in the Th map and in the array of chemical dates. A full
summary of the measured dates and errors are listed in Table 3.
Figure 10: Yttrium (a, d, g) and thorium (b, e, h) compositional maps and
backscattered electron images (c,f, i) of monazite from sample 183-1137A-36R1,
32-37 cm. M3 shows at least two growth episodes and the dates for these
growth events are similar in age to the older monazites of sample 183-1137A-
35R2, 46-47 cm (Fig. 9). The range of dates for M4 (J) and M5 (i) is relatively
restricted compared to m3 but similar to the younger range shown by 183-
1137A-35R2, 46-47 cm, m3 and m7 (Fig. 9).
Figure 11: Uranium (a, b) and yttrium (c) abundances plotted relative to thorium. The
older chemical dates measured by the electron probe correlate with high U
contents but the monazite (m6) from 183-1137A-35R2, 46-47 cm spans almost
the entire range of U and Th. This monazite is unusual in that it apparently
does not have a younger rim or mantle overgrowth and because the dates
obtained do not correlate with the compositional zoning (Fig. 9). Open symbols
in (c) indicate spot measurements with dates >800 Ma. Yttrium abundances are
very well correlated with the oldest measured dates (c).
Figure 12: Spider diagram of elements contained by monazites in Site 1137 garnet
gneisses. The overall patterns are similar for spots measured on the monazite
rims and mantles in both samples (183-1137A-35R2, 46-47 cm and 183-1137A-
36R1, 32-37 cm). M5 from 183-1137A-35R2, 46-47 cm is the exception in that it
has higher Gd and Y and lower Th (Fig. 9) than the mantle and rim
compositions. The C1 chondrite compositions of Sun and McDonough (1989)
were used for the normalization.
Figure 13: U-Pb dates shown on a concordia plot for detrital zircons from the volcanic
lithic sandstone (183-1137A-33R3, 50-54 cm) and the conglomerate matrix
(35R1, 103-110). Five of the zircons give Pb-Pb dates (685-940 Ma) which nearly
span the range of dates from the gneiss clasts. One grain is concordant with a
2 0 6 Pb 2 38U age of 533 Ma. Another zircon is strongly discordant, giving a Pb-Pb
date of -2.55 Ga.
Figure 14: Back-scattered electron image of 183-1137A-35R2, 46-47 cm. Note that
monazite ml is completely enclosed by garnet.
Figure 15: Histogram of U-Pb dates measured by thermal ionization mass
spectrometry (a) and of the chemical U-Th-Pb dates measured by electron
microprobe (b). (a) - The light gray bars indicate the zircon analyses and the
white bars added to the light gray indicate dates on detrital zircons recovered
from the sandstone and conglomerate matrix. The one measured Archean
zircon (2.547 Ga) falls into the greater than 1000 bracket. The greatest density of
zircon dates falls in two bins between 601 and 900 Ma whereas the monazites
yield a slightly younger range. (b) A pronounced peak in the monazite
chemical dates occurs in the 701-800 Ma bracket. This corresponds with the
peak in monazites measured by TIMS and is the second highest peak in
measured zircons dates. All three samples (34R4, 118-120 cm; 35R2, 46-47 cm
and 36R1, 32-37 cm) show a significant metamorphic event at between 700-800
Ma as well as metamorphic events at ~1000 Ma and -500 Ma. The
preponderance of dates in the 701-800 Ma range reflects the observation that the
chemical maps show the moderate Th mantle to be significantly larger than the
low Th cores and rims. This suggests that the -800 Ma peak is not simply an
artifact of sampling, but that zircon and monazite growth during this
metamorphic event has created the dominant age domain in the monazites and
perhaps also in the zircons as much of this mantle was abraded away prior to
the TIMS analyses.
Figure 16: Paleogeographic reconstruction of the continental margins before the
opening of the eastern Indian Ocean basin (after Mezger and Cosca, 1999 and
with data from Rao et al., 1998; Shaw et al., 1997; Kr6ner et al., 1994; Shiraishi et
al., 1994 and Zhou and Hensen, 1995). Note the plethora of mid-Proterozoic
ages, interpreted as the result of Gondwana assembly. The bimodal
distribution of ages in the Prydz Bay and Eastern Ghats regions spans the date
range of Elan Bank zircons and monazites.
Figure 17: Close up of the Rajmahal and Sylhet regions. The dashed gray lines
indicate the margins of the Shillong and Chotonagpur Plateaus which are
complex gneiss terrains consisting of gneiss country rock, metasediment
stringers and late Proterozoic granitic plutons. The geochronology of these
terrains is relatively unconstrained (Ghose, 1983; Ghosh et al., 1994), but there is
some correlation between reported dates and the Pb geochronology of the Elan
Bank gneiss clasts.
Figure 18: Plate tectonic reconstruction of the Kerguelen oceanic plateau at -110 Ma.
Light gray areas indicate occurrences of Proterozoic high-grade metamorphic
rocks. Dark gray indicates extent of Kerguelen Plateau at -110 Ma. Several
authors suggest that the activity of the Kerguelen Plume instigated the
emplacement of the Rajmahal and Sylhet Traps although there is controversy
because the chemical and isotopic contribution from continental lithosphere
obscures the enriched isotopic signature of the Kerguelen plume (Mahoney et
al., 1983; Curray and Munasinghe, 1991; Kent et al., 1997). The argon dates of
the traps (Rajmahal: 113-116; Sylhet: 110 Ma minimum age; Kent et al., 1997 and
references therein) nearly correspond with the dates obtained for Elan Bank
basalts (108-110 Ma). Note the proximity of Elan Bank to the Eastern Ghats of
India [20, 21]. The Eastern Ghats are bounded on the north by the Mahanadi
Graben and split in the south by the Godavari Rift. Ages of high grade
metamorphic rocks of India, Antarctica and Australia are discussed in the text.
PCM - Prince Charles Mountains (Zhou and Hensen, 1995), NC - Northampton
Complex (Bruguier et al., 1999), AF - Albany Fraser Belt (Bruguier et al., 1999, and
references therein).
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Appendix 1: Operating conditions for analyses by electron microprobe
Element Linea Crystal Spectrometer Standard"
Si Ka TAP Spi pg721
P Ka PET Sp2 wilberfor
Ca Ka PET Sp3 wilberfor
Th Ma PET Sp3 Th02
Y La PET Sp3 YAG
La La LIF Sp4  LaPO4
Ce La LIF Sp4 CePO4
Nd La LIF Sp4  NdPO4
Pr Lb LIF Sp4  PrPO4
Sm Lb LIF Sp4  SmPO 4
Gd Lb LIF Sp4 Gd
yC La TAP Spi YAG
Thd Ma PET Sp2 ThO2
U Mb PET Sp4 Uo 2
Pb Ma PET Sp3 pyromorph
a- These refer to the electron shells from which the measured x-ray is emitted
(e.g. Ka = K alpha).
b- These are the standards used at the University of Massachusetts Amherst.
c- These are the operating conditions during the Y trace element analysis.
d- These are the operating conditions during the Th trace element analysis.
00
00
Appendix 2 Standardization and major element analyses by electron microprobe
Cations on
Precision Background Peak/Bac Concentration CnetainCnetainCtosoSample Element Peak (%) Ix/hmit Sig/k Detection k-ratio Correction I a (wt %.) Atomic % Conc on Oxide Concentation Wt % oxide Cations Cations 4 oxygen(cps) (cps) ground .(W (wI %) (WI %. basis
1)036 00991 1 )323 11143>) Si I
monazite Si 475
standard P 751 3
Ca 244
Th 228
Y 23
La 1516
Ce 228
Nd 642
Pr 19
Sm 108
Gd 149
0 (by stoichiometry)
total
35R2, 46-47 Si 127 1
ml P 732.1
Ca 1682
Th 158.3
Y 45
La 714
Ce 185.6
Nd 1151
Pr 233
Sm 20.4
Gd 182
0 (by stoichiometry)
total
35R2, 46-47 Si 104.8
m3 P 7138
Ca 138.4
Th 1212
Y 3.9
La 78.5
Ce 193i9
Nd 1195
Pr 226
Sm 22
Gd 17.5
0 (by stoichiometry)
total
1 17 00012
438 06455
123 0001
215 0 0061
095 0
32.96 03682
501 04918
10.14 00966
2.49 0.0323
0.99 0
1.18 00064
3.18 0.0147
42.56 0.6289
813 00317
153 00735
189 00052
17.42 01687
4079 0.3988
1754 01815
279 00425
1.71 0.0195
1.31 00119
262 0.011
41.5 0.6129
668 00253
1171 00551
1.66 0.0039
1914 01864
4261 0417
18.21 01888
2.72 0.0407
1 84 0.023
1 25 0.0099
00258 0(0002 1 4509
010658 01012 1 2966
00285 0 0104 09296
01594 00051 12956
0 0 0
03101 01816 12046
02716 02442 1 1974
02387 00486 1.1953
04429 0016 12185
0 0 0
09922 0.0064 1 3238
00254 00028 1 4339
0.0655 00986 1.2894
0.0299 00115 09576
0.158 00614 12947
0.1999 00018 1.4653
03002 0.0832 1 2208
02759 0198 12155
02459 00912 12112
04608 0.0211 12191
04653 0.0098 1.2807
10321 0.0119 13131
0.0256 00021 1 4457
0.0659 0.0961 1 2964
0.0297 00092 09502
0.1581 0.046 1 2953
0.2011 00013 1.4736
0.2987 00919 12145
0.2747 0.2071 1 21
0.2448 0.0949 1.2058
0.4595 00202 1.2152
0.4649 0.0116 1.2794
1032 00099 1.3127
0 0326 0 009913 0 0323
131215 0122653 13 0094
00326 01010774 00323
0.6551 0069397 06495
0 0 0
21 8758 0440335 21 6889
292429 0481479 289931
58049 0 191029 5 7553
1.9524 0.199101 1.9357
0 0 0
08428 0273284 08356
273012 270679 66.643
100 8618 100 100
0407 0013515 04062
127125 0120197 126889
1.1007 0023005 10987
7953 015741 79382
02619 0 072732 02614
10 1566 0300789 10.1378
240694 0436052 24.0246
11.049 0258072 110285
2.573 0,217641 2.5682
1.2556 0.189107 1.2533
1 5663 0293195 1 5634
27.0812 270309 666305
100 100
03055 0012681 03076
12.4565 0119096 125421
0.8712 0.020932 0.8771
5961 0138763 6.0019
0.1944 0.070125 01957
11 164 0313837 112407
25.0562 0444685 252283
11.4417 026181 11.5203
2.4535 0214662 24703
1.4847 0.19347 1.4949
1.2955 0289672 13044
26.6338 268167 66.5499
993179 100 100
0 0453 S1O2
165455 P205
00317 CaO
01103 Th02
0 Y203
6 1509 La203
8 151 Ce203
1 5718 Nd203
05411 Pr203
0 Sm203
02093 Gd203
0 5704 Si02
16.157 P205
10811 CaO
1 3493 Th02
0116 Y203
2.8784 La203
67622 Ce203
30155 Nd203
07188 Pr203
03286 Sm203
03921 Gd203
04349 Si02
160781 P205
0869 CaO
1 027 ThO2
0.0874 Y203
32132 La203
7 1491 Ce203
3.1713 Nd203
06961 Pr2O3
03947 Sm203
03294 Gd203
0 07 P205
30067 Si02
0046 ThO2
0.745 Y203
La203
25656 Ce203
34252 Pr2O3
6.771 Nd203
2285 Sm203
Gd203
0971 CaO
30 0668 P
00697 Si
07454 Th
0 Y
256555 La
342517 Ce
22849 Pr
67707 Nd
0 Sm
09715 Gd
0.0456 Ca
1100.862 total 1008618
0871 P205
29.13 Si02
1 54 ThO2
905 Y203
0333 La203
11911 Ce203
28 192 Pr203
12887 Nd203
3011 Sm203
1 456 Gd203
1 805 CaO
29 1296 P
08706 Si
90498 Th
03326 Y
11 9115 La
28192 Ce
30113 Pr
128875 Nd
1.456 Sm
1 8053 Gd
1.5401 Ca
total 100 1861
0654 P205
28543 Si02
1 219 Th02
6783 Y203
0247 La203
13093 Ce2O3
29.348 Pr2O3
13345 Nd203
2.871 Sm2O3
1 722 Gd203
1.493 CaO
28.543 P
06536 Si
6.783 Th
02469 Y
130929 La
29.3479 Ce
28714 Pr
13.3455 Nd
17216 Sm
1.4933 Gd
1.2189 Ca
13 1215 V 9931
010326 0 0027
06551 0 0066
0 0
21 8758 0.3692
29 2429 0 4892
1 9524 00325
58049 00943
0 0
08428 00126
00326 0 0019
2 1121
127125 09699
0407 00342
7953 0081
02619 0.007
10 1566 01728
24.0694 0406
2573 00432
11049 0.181
12556 00197
1.5663 00235
1.1007 00649
20033
12 4565 0.9664
03055 00261
5961 0.0617
01944 0.0053
11.164 01931
25,0562 04297
2.4535 00418
11.4417 01906
144847 00237
1.2955 00198
0.8712 00522
99.318 total 99.3179 20105
00
Appendix 2 continued
Sample Element Peak (%) Precision Background Pea x/mit Sig/k Detection k-ratio Correction Concentration 1 (wt %) Atomic % oncentration Oxide Concentration Wt % oxide 
Cations Cations Ca o on
(cpS) (cps) ground (% 0 (wI % (W4 %0 (W4 %2 bai
35R(2, 46-47 Si 86 2.4 40 2.15 0 0078 24 00252 00015 1 4239 02135 0 011647 0.2158 0 3005 S102 0457 P205 29 4891 P 12 8694 0 9862
m4 P 7453
Ca 2355
Th 1741
Y 34
La 715
Ce 1823
Nd 1044
Pr 213
Sm 19.2
Gd 16.7
O (by stoichiometry)
total
35R2, 46-47 Si 758
m5 P 736.1
Ca 66.2
Th 42.1
Y 168
La 814
Ce 201.7
Nd 1186
Pr 26.3
Sm 22.2
Gd 194
O (by stoichiometry)
total
35R2, 46-47 Si 1226
m5 P 7162
(low Y, higi Ca 170.3
Th 152.3
Y 3.5
La 68.2
Ce 189.5
Nd 1115
Pr 235
Sm 19.3
Gd 17.6
O (by stoichiometry)
total
35R2, 46-47 Si 138
m7 P 7103
Ca 1656
Th 1624
Y 38
La 72.1
Ce 1896
Nd 113.4
Pr 25
Sm 234
Gd 18
0 (by stoichiometry)
total
36R1, 32-37 Si 1535
ml P 699.7
Ca 1485
Th 1747
Y 32
La 635
Ce 1936
Nd 1209
Pr 25.2
4333 06407
11.38 00461
1682 00814
145 00026
1743 0.1688
4007 03916
1591 0.1636
2.56 0037
16 00166
1.2 0.0077
19 00061
4279 0.6327
3.2 0.0098
4.06 00158
713 00359
1985 01937
4432 04343
1807 0.1873
315 00511
1 86 0.0236
139 00153
3.07 0.014
41 64 0.6151
823 0.0321
14.72 0.0705
1.47 0.0027
16.63 0 1606
41.65 04075
1699 0.1754
282 0.0432
1.62 00169
126 00101
3.45 00166
4129 06101
8 00311
15.69 00756
1.6 010035
17.59 0.1705
4167 04078
17.29 0.1787
3 0.0475
1 95 0.0263
1.29 00114
4.3 0.0199
3834 0.5999
73 00275
1503 00811
182 00036
14.1 0.1478
4032 0416
18.93 0 1916
386 00531
00651 01005 12811
003 00167 09612
0.1579 0.068 1 2938
0.1985 0 0009 14543
0302 00833 1 2274
02775 0.1945 12219
02471 00822 12168
04631 00184 1.2245
04672 00084 12853
10356 00077 13168
00257 00012 14523
00663 00992 13028
00295 00035 09447
0.1599 00132 13101
02022 0.0123 1 4812
02979 0.0955 1.2107
02742 02157 1207
0.2446 0.0942 1 204
04596 0.0254 1.2151
04669 00119 1.2844
1 0377 0.0153 1 3194
00254 0.0027 1.4349
00656 00964 12904
00299 00117 09565
0.158 00589 1.2945
0.2001 0.0009 1.4656
03004 00792 1.2209
0.2763 02024 12165
0246 0.0882 1.2113
04609 00215 12185
04658 00085 12815
10332 00101 1.3139
0.0255 00032 1.4386
00657 00956 12917
0.0299 00113 0.9551
01577 00631 12914
0.2006 0.0012 1.4688
02995 0.0841 1.2169
02752 0.2025 12114
02453 0.0898 1.2074
0.4598 00236 12152
04643 00132 1277
1.0297 0.0114 1 309
00242 0 0038 14377
00675 0.0941 12911
00296 001 0.9558
01658 00678 12898
01803 00012 14679
0311 00729 12165
02814 02066 1.2114
02425 00963 12069
04137 0 0264 1 2131
128694 0120727 130117
1 6093 0026949 1 6271
87968 0164703 88941
013 0066386 01314
102219 0302602 103349
23 7633 0.434199 240261
10.0033 0 246883 10.1139
22475 0211607 2.2724
1.0741 0186115 1.086
1 0139 0.286947 1 0251
26.9633 272615 66.6117
98.9062 100 100
01695 0011386 017
129233 0121893 129631
0.3348 0015356 03358
1 7251 0.088177 1 7304
18159 0123811 18215
11.5667 0318776 116023
26.0319 0453526 261121
11.3371 0260501 11372
30812 0.227453 3.0907
1 5281 0195001 1.5328
2.0154 0300326 20216
27.164 27.2477 665857
996928 100 100
0.3863 0.013345 03932
12.4452 0.118807 12666
11155 0.023116 1 1353
76289 0.154527 7.7642
01372 0067193 01397
96698 0293961 9.8413
246161 0441582 250528
10.6813 0254009 108708
26157 0 218497 2.6621
1 0932 0186014 11126
1.3336 0.290467 1 3572
265343 27.0049 66.606
98.2572 100 100
04596 0014006 04563
123545 0118375 12.2657
1.0791 0022798 10713
8.154 0.159003 80954
0.1751 0.069077 0.1738
10.235 0301463 101614
24.532 0439963 24.3557
10.8469 0.25546 10.769
2.8671 0.223207 2.8465
1.69 019718 16779
1 4893 0.291506 1.4786
268413 266484 66.5215
100724 100 100
05518 0014442 05497
121425 0.117342 120965
09551 0021713 09515
8.739 0165085 87059
01805 0062239 01798
8 8708 0283483 88372
25(0269 0445254 249322
116236 0263659 115796
31971 0217661 3185
164233 P205
1.5871 CaO
1 4985 Th02
00578 Y203
2.9087 La203
6.7035 Ce203
2.7413 Nd203
0.6305 Pr203
02823 Sm203
0.2548 Gd203
02366 Si02
16.3638 P205
0.3276 CaO,
02916 ThO2
08011 Y203
32658 La203
72864 Ce203
30826 Nd203
08576 Pr2O3
03985 Sm203
05027 Gd203
0.5525 SiO2
16 1374 P205
11178 CaO
1 3205 ThO2
0.062 Y203
2.7959 La2O3
70558 Ce203
29742 Nd203
07456 Pr2O3
0 2919 Sm203
03406 Gd203
0.649 SiO2
15 8163 P205
10676 CaO
13934 ThO2
0 0781 Y203
29218 La203
69424 Ce203
2.9819 Nd203
0.8068 Pr203
04456 Sm2O3
03756 Gd203
0.7855 Si02
15673 P205
09527 CaO
1 5057 ThO2
0.0812 Y203
25532 La203
7.1408 Ce203
32218 Nd203
09071 Pr203
29489 SiO2
2252 ThO2
1001 Y203
0.165 La203
11 988 Ce203
27.833 Pr203
11.668 Nd203
2.63 Sm203
1.245 Gd203
1.169 CaO
98906 total
0.363 P205
29613 Si02
0468 ThO2
1 963 Y203
2306 La203
13565 Ce2O3
30.491 Pr203
13.223 Nd203
3606 Sm203
1.772 Gd203
2323 CaO
99693 total
0.827 P205
28.517 SiO2
1.561 ThO2
8681 Y203
0 174 La203
1134 Ce203
28.832 Pr203
12459 Nd203
3061 Sm203
1.268 Gd203
1 537 CaO
98.257 total
0.983 P205
28309 SO2
1 51 ThO2
9.278 Y203
0222 La203
12.003 Ce203
28.734 Pr203
12.652 Nd203
3355 Sm203
1.96 Gd203
1.717 CaO
100724 total
1181 P205
27823 S102
1336 ThO2
9944 Y203
0.229 La203
10403 Ce203
29314 Pr2O3
13558 Nd203
3742 Sm203
04567 Si
10.0099 Th
01651 Y
11988 La
278335 Ce
2.6303 Pr
11.6678 Nd
1.2455 Sm
1.1686 Gd
2.2518 Ca
98.9062
29.6126 P
0.3625 Si
1963 Th
23061 Y
13.5652 La
30.4907 Ce
36061 Pr
132234 Nd
1.772 Sm
2.323 Gd
0.4684 Ca
99.6928
285171 P
08265 Si
8.681 Th
01743 Y
113405 La
288324 Ce
30612 Pr
12.4586 Nd
1.2676 Sm
1.5371 Gd
1.5608 Ca
98.2572
28.3091 P
09834 Si
9.2785 Th
02224 Y
12.0034 La
28.7339 Ce
3.3554 Pr
12.6518 Nd
1 9597 Sm,
17166 Gd
1.5099 Ca
100724
278234 P
1.1805 Si
99442 Th
0.2292 Y
10.4035 La
29.3136 Ce
37417 Pr
135576 Nd
1 5708 Sm
02135 0.018
87968 009
013 00035
10.2219 0 1747
23.7633 04025
22475 00379
10.0033 0.1646
10741 0017
1 0139 0.0153
1.6093 00953
2.005
12.9233 0983
0.1695 00142
17251 00175
18159 00481
11.5667 0 1962
26.0319 04377
30812 00515
11.3371 01852
1.5281 00239
2.0154 00302
0.3348 00197
20073
12.4452 09691
03863 0(0332
76289 00793
0.1372 00037
96698 01679
24.6161 04237
26157 00448
106813 01786
1.0932 00175
1 3336 0.0205
11155 00671
20055
12.3545 0.9511
045% 0.039
8154 00838
0.1751 0.0047
10235 01757
24.532 0.4175
28671 00485
108469 0.1793
1 69 0.0268
1.4893 00226
10791 00642
20131
12.1425 0.9422
05518 0.0472
8 739 0.0905
01805 00049
8.8708 0 1535
250269 04293
3 1971 0(0545
11.6236 01937
1 3546 0.0216
Appendix 2 continued
Cations on
Sample Element Peak (%) Prtsion Background Pea x/limit Sig/k Detection k-ratio Correction Concentration 1 a (wt %) Atomic % Concentration Oxide Concentration Wt % oxide Cations Cations 4 oxygenSapl Eeen Pa ) (rcpsio Bacgrun greak/Back (wet %) (wet %) (wet. %) basis
36R1, 32-37 Sm 20.1 5 10.9 1.84 0.0211 5 04453 00106 1.2751 1.3546 0 18432 1 3495 03601 Sm2O3 t571 Gd203 12793 Gd 1 1099 0017
ml Gd 163 35 13.3 123 00085 35 10059 00085 13075 1 1099 0280333 1.1057 0.2822 Gd2O3 1279 CaO 1.3364 Ca 09551 00573
0 (by stoichiometry) 266283 265274 665369
total 100 3801 100 100 10038 total 1003801 20117
36R1, 32-37 Si 134.2 1 9 357 3 76 00167 1 9 00242 0 0032 1.4371 0.4613 0.013678 0.4521 06421 SiO2 0987 P205 28.8154 P 125754 0954
m3 P 7246 0.8 183 39.7 06221 0.9 0 0674 0.0975 1.2894 12.5754 0.11965 12.3261 15.8733 P205 28815 Si02 09869 Si 04613 00386
Ca 1586 1 8 204 779 00297 1.8 00297 00108 09555 1 0304 0022359 101 1.0052 CaO 1442 ThO2 94986 Th 83474 0.0845
Th 1672 1 7 11 6 1438 0 0774 1.7 0 1661 0.0647 1 291 8.3474 0.161855 8 1819 1 4065 Th02 9.499 Y203 0.2529 Y 0 1991 0.0053
Y 3.4 12.2 1 8 1 91 0 004 12.2 0.1803 0.0014 1.4666 01991 0.063142 01952 0 0876 Y203 0.253 La203 11.1381 La 9.4972 0.1606
La 676 27 4.5 1501 0.1582 28 0.3114 0078 1 2172 9.4972 0292692 9.309 2.6731 La203 11 138 Ce203 30.16 Ce 25.7496 0.4318
Ce 199 1.6 48 41 45 04281 1 7 0.2815 0.2126 1.2112 257496 0.4522 25.2392 71847 Ce2O3 3016 Pr2O3 36379 Pr 31084 00518
Nd 1189 2 64 1862 01883 21 02428 00947 1.2076 11.4317 0.261692 112051 30986 Nd203 13334 Nd203 13.3339 Nd 11.4317 0.1862
Pr 246 4.5 65 377 00515 46 04146 0.0256 12149 31084 021609 30468 08625 Pr2O3 3638 Sm203 16176 Sm 1395 00218
Sm 203 5 109 186 0.0217 5 04465 00109 12778 1395 0.185526 1.3674 0.3626 Sm203 1618 Gd203 11392 Gd 09884 00148
Gd 16 3.5 13.3 12 0.0075 36 1(0085 00075 13101 09884 0279362 0.9688 0.2457 Gd203 1 139 CaO 1.4418 Ca 1.0304 0.0604
0 (by stoichiometry) 272382 266983 66.558
total 102.0222 100 100 102022 total 102.0222 20098
36R1, 32-37 Si 166.2 17 357 466 00221 17 010241 00043 14316 06094 0014872 06031 08587 Si02 1.304 P205 28.3023 P 123515 09475
m4 P 7129 08 183 39.06 0.6119 09 00674 0.0959 1.2875 123515 0118371 122238 15783 P205 28302 Si02 1.3037 Si 06094 00516
Ca 1482 18 20.4 728 00275 18 0.0298 001 0.9595 09567 0021785 0.9468 09447 CaO 1.339 Th02 112324 Th 98711 0)1011
Th 1959 1.6 116 1684 00916 16 01659 00766 1.2891 98711 0174432 97691 1.6837 Th02 11.232 Y203 0197 Y 0.1551 000041
Y 3 129 18 171 0)0031 129 018 00011 14639 0)1551 0060838 01535 00691 Y203 0197 La203 102937 La 87772 0)1501
La 62 7 2.8 45 1392 0)1459 2.9 0.3121 0.072 1 2195 8 7772 0282579 86865 2 50X)9 La203 10294 Ce203 290945 Ce 24.8399 0)4212
Ce 191.7 16 48 3994 04122 1.7 02821 1 2047 12136 248399 0.443941 24.5831 70164 Ce203 291094 Pr2O3 33474 Pr 28602 0)0482
Nd 1129 21 64 17.67 01782 21 02432 0.0896 12092 108335 0.255261 107215 29727 Nd203 12636 Nd203 126361 Nd 108335 01785
Pr 232 46 6.5 355 0.0474 47 04148 00235 12151 2.8602 0210901 2.8306 08034 Pr203 3347 Sm203 1.6414 Sm 1.4155 010224
Sm 205 49 109 188 01022 5 0446 00111 12759 14155 0 18574 14009 0.3725 Sm203 1.641 Gd2O3 16578 Gd 14383 0.0217
Gd 172 34 133 13 0011 34 1 066 1)011 1 3073 1 4383 028476 14234 0362 Gd203 1.658 CaO 1.3386 Ca 0)9567 0)0567
0 (by stoichiometry) 269364 266579 666328
total 101 0448 100 100 101 045 total 101.0448 2.0)31
36R1, 32-37 Si 95 1 23 35 7 2.66 0.0101 2.3 0.0242 0 019 1 4399 02788 0012016 02804 0.3928 SiO2 0.596 P205 292217 P 12 7527 09783
m5 P 732 7 08 183 40 14 06293 0.9 00676 0.0987 1 2926 12 7527 0120744 128275 16.2957 P205 29.222 Si02 05964 Si 0)2788 00236
Ca 1266 2 204 6.22 00228 2 00295 0 0083 09493 0)7871 0.020119 0.7918 07773 CaO 1.101 ThO2 6132 Th 5 3888 00552
Th 1116 21 116 96 00497 2.1 01668 0.0416 1.2965 53888 0.134488 5.4204 09192 ThO2 6.132 Y203 0.3884 Y 033058 00082
Y 4.2 10.9 1 8 2.39 0 0061 109 0 1806 0 0021 1 4689 0.3058 0)068328 03076 0.1362 Y203 0.388 La203 16.0938 La 137228 02348
La 957 23 4.5 21.26 02287 23 0.3112 01128 1 2163 137228 0.348869 138033 39101 La203 16.094 Ce2O3 29.4707 Ce 25 1611 04267
Ce 1946 16 48 4053 04185 17 02815 02078 12109 251611 0446552 253087 71071 Ce203 29.471 Pr2O3 29452 Pr 25166 00424
Nd 944 23 64 1477 0.1472 23 0.2427 0074 1.2069 89326 0232956 8985 24511 Nd203 10.419 Nd2O3 10.4189 Nd 89326 0.1472
Pr 211 49 6.5 324 0.0416 49 04163 00206 1 2195 25166 0203981 25313 07069 Pr203 2945 Sm203 1 4887 Sm 1 2838 0.0203
Sm 19.5 51 109 179 00198 51 04492 001 12851 1.2838 0184187 12914 03379 Sm203 1489 Gd203 15598 Gd 1.3533 0.0204
Gd 17 34 133 1.28 00103 35 10139 00103 1.3169 1 3533 0285582 1.3612 03406 Gd203 1 56 CaO 1.1014 Ca 07871 0)0467
0 (by stoichiometry) 26.9335 270914 66.6252
total 994169 100 100 99417 total 994169 2 0037
40Ar139Ar Geochronology of Flood Basalts from the Kerguelen
Archipelago, southern Indian Ocean: Implications for Cenozoic Eruption
Rates of the Kerguelen Plume
Abstract.
The 6500 km 2 Kerguelen Archipelago formed on the Northern Kerguelen Plateau
(4x10" km2 ) which is a shallow submarine plateau belonging to the Kerguelen Large
Igneous Province in the southern Indian Ocean. Flood basalts make up eighty-five
percent of the archipelago and are interpreted as the most recent volcanism (<40 Ma)
from the Kerguelen hotspot which has erupted basalt for the last 115 million years. Based
on "Ar/39Ar incremental heating of acid-leached groundmass separates, we report
isochron ages ranging from 29.26±0.87 Ma to 24.53±0.29 Ma for 15 basalts from 5
stratigraphic sections from diverse regions of the archipelago. The oldest dated basalt
from the archipelago (-29 Ma) is much younger than the ~ 40 Ma age of conjunction
between the hotspot and the Southeast Indian Ridge. Basalt eruption seems to have
ceased shortly after -24 Ma although small volume, highly evolved lavas and plutons
continued to form in the archipelago. The basalt age data suggest an average lava
accumulation rate of -1.6 ± 0.9 km/my during the Oligocene. The archipelago's
volumetric eruption rate (0.009 km3/y) is lower than estimates made for the Cretaceous
Kerguelen Plateau (1.7 km3/y) and the Ninetyeast Ridge hotspot track (0.18 km3 /y),
suggesting that the late Cenozoic extrusive activity of the Kerguelen plume is waning.
Cenozoic volcanism attributed to the Kerguelen plume occurs over a diffuse area with
Quaternary eruptions at Heard and McDonald Islands and within the Kerguelen
Archipelago. The decreasing eruption rate and spatially diffuse volcanism may be
explained by the thick lithosphere of the Cretaceous Kerguelen Plateau overriding and
insulating the plume. However, if the undated Northern Kerguelen Plateau, which
underlies the archipelago, formed during the Cenozoic, then the crustal production rate
of the plume from 40 Ma to the present (-0.25 km 3/y) would be similar to the crustal
production rate (0.23 km3/my) previously estimated for the formation of the Ninetyeast
Ridge (-82-38 Ma).
Introduction.
The flux and geochemical characteristics of magmas derived from mantle
hotspots are important for understanding mantle dynamics. This flux is estimated by
measuring the volume of lava erupted during a given time interval (Gerlach, 1990;
Coffin and Eldholm, 1994; Lipman, 1995). One interpretation of hotspot volcanism
describes the magma source as a buoyant mantle plume that is geochemically distinct
from the mantle sources of mid-ocean ridge basalt. Changes in the physical and
chemical state of the plume result in temporal variations of the magmatic flux. For
example, the extent of decompressional melting during plume ascent is controlled by
plume temperature and the thickness of the overlying lithosphere (Ellam, 1992);
therefore changes in tectonic environment which affect lithospheric thickness will also
affect the magmatic flux. The Kerguelen plume, offers a unique opportunity for
understanding changes in magma flux because during its ~115 million year history
(Fig. 1) it has been located in a variety of tectonic environments (McKenzie and Sclater,
1971).
The first evidence for magmatic activity of the Kerguelen plume was expressed
in a continental or near continental tectonic environment; for example, the Rajmahal
Traps, erupted on the eastern margin of the Indian sub-continent after the opening of
the Indian Ocean, have been linked to the Kerguelen plume (Mahoney et al., 1983).
Subsequently the plume formed the southern and central Kerguelen Plateau in an
oceanic environment (Whitechurch et al., 1992; Leclaire et al., 1987). From -85 Ma to
~40 Ma, the plume was closely associated with a mid-ocean ridge and formed the
basaltic Ninetyeast Ridge (Duncan, 1991). At -40 Ma, the Kerguelen Archipelago
began to grow while the Kerguelen plume remained near the Southeast Indian Ridge
(Fig. la). Rapid motion between the Australian and the Antarctic plates (Mutter and
Cande, 1983) caused the SEIR to migrate progressively toward the northeast, leaving
the Kerguelen plume and archipelago in their current intraplate positions (Fig. 1b).
Because the Antarctic plate remained essentially stationary since the Eocene (Duncan
and Richards, 1991), with respect to the hotspot reference frame, the Kerguelen
Archipelago has been centered on or near the hotspot throughout much of its history.
The Kerguelen large igneous province spans an area of 2x10 6 km 2, yet there are
few reliable age constraints on this province (Baksi, 1999). In general, the southern
Kerguelen Plateau formed at ~115 Ma with subsequent formation of the central
Kerguelen Plateau at ~85 Ma and Ninetyeast Ridge (-82-38 Ma; Whitechurch et al.,
1992; Leclaire et al., 1987; Duncan, 1991). Saunders et al. (1994) estimated that the
eruption rate of Kerguelen plume has decreased by a factor of -3 between the
formation of the southern-central and Broken Ridge portions of the plateau and the
younger Ninetyeast Ridge. This decrease may reflect the transition from plume head
volcanism to plume stem volcanism. The subsequent stem phase of the plume has
persisted for approximately 80 million years, since the inception of Ninetyeast Ridge.
Although Saunders et al. (1994) allude to a lower magmatic output during the
formation of the Kerguelen Archipelago, its growth history is not well constrained.
The Kerguelen Archipelago provides the best exposure of basalts related to the
Kerguelen plume. Detailed understanding of the emplacement and evolution of the
archipelago basalts and the Tertiary eruption rates of the Kerguelen plume depends
on the geochronology of spatially diverse stratigraphic sections of lavas. We present
40Ar/39Ar dates of flood basalts from five stratigraphic sections from throughout the
eastern Kerguelen Archipelago (Nicolaysen et al., 2000). These dates clarify timing
relationships between growth of the archipelago and the earlier formation of the
Kerguelen Plateau and they clarify the dependence of the magmatic flux on the
proximity of the plume to the Southeast Indian Ridge. Comparison of the Oligocene
eruption rates (this study) with those calculated for the Ninetyeast Ridge, the
Cretaceous to Early Tertiary Kerguelen hotspot track (Saunders et al., 1994), shows a
factor of 20 decrease in the magma extrusion rate.
Geologic setting.
Following the breakup of Gondwana, the Kerguelen plume began a -115 million
year history of volcanism (Whitechurch et al., 1992; Leclaire et al., 1987; Duncan, 1991)
recorded by the Kerguelen Plateau, the Ninetyeast and Broken Ridges and the Kerguelen
Archipelago (Fig. 1). We focus on the last -40 million years of plume activity when the
Kerguelen Archipelago developed on the northern Kerguelen Plateau. The Kerguelen
Archipelago is an 6500 km2 assemblage of islands which expose silicic plutonic complexes
(Nougier, 1970; Weis and Giret, 1994) and isolated gabbros (Giret and Lameyre, 1983;
Giret and Beaux, 1984); however ~85% of the archipelago's upper crust consists of
transitional-tholeiitic to alkalic basalts forming cliffs up to 1000 m high. These 1-5 m thick
basalt flows are approximately horizontal (2-3' regional dip to the southeast) and extend
for many kilometers (Nougier, 1970), typical of flood basalt. Vents from which the flood
basalts originated have not been identified, but basic dike swarms are exposed at the
surface.
Seismic refraction studies show crustal thicknesses of approximately 15-20 km for
the archipelago (Charvis et al., 1995). Extensive Quaternary glaciation, which ended
about 10 kyr (Hall, 1984), incised deep glacial valleys which expose stratigraphic basalt
sequences from 400 to 1000 m thick. Zeolite facies minerals indicate crustal depths within
the basalt sequences since characteristic zeolites form at specific temperatures and
pressures. Based on zeolite assemblages exposed at the surface (Nativel and Nougier,
1983), Giret et al. (1992) concluded that 1-2 km of flood basalt has been stripped from the
archipelago's surface by glacial erosion. Due to the glaciation and the regional 2-3* dip,
lavas exposed at the surface decrease in age from northwest to southeast.
In conjunction with French field campaigns, we sampled five 250-980 m thick
stratigraphic sections in the archipelago (Fig. 2). Three different sample suites from Mt.
Bureau have been studied (Yang et al., 1998; Watkins et al., 1974; this study). The two
samples dated in this study correspond to the P-type lavas characterized by Yang et al.
(1998). The Mt. Rabouillere section is located on the Joffre Peninsula southeast of Mt.
Bureau (T.A.A.F., 1973). Mt. de la Tourmente exposes basalts in the Central Plateau
region, and Mt. Crozier, on the Courbet Peninsula, is the easternmost section (T.A.A.F.,
1973). Located in the Jaune and Charbon ravines, two adjacent sections were collected
from the Jeanne d'Arc Peninsula (T.A.A.F., 1973). A conglomerate outcrops at the base of
the sections and enables correlation between them (Frey et al., 2000). Dikes crosscut
several of the sections and one sill has been documented in the Charbon section. In this
study, the ages for lavas from the five stratigraphic sections, three of which are previously
undated (Mt. Rabouillere, Mt. de la Tourmente, Jaune and Charbon ravines), provide
strong constraints on the growth rates of the Kerguelen Archipelago.
Previous geochronologic research.
Early Rb-Sr and K-Ar geochronologic studies (Watkins et al., 1974; Dosso et al.,
1979; Giret and Lameyre, 1983; Weis et al., 1993, 1994, 1998;) found an age range from
-39 Ma to 100 ka for plutonic and volcanic rocks exposed on the Kerguelen
Archipelago (Fig. 2). The plutonic bodies show the widest age range, from 39 to -5 Ma
although many silicic plutons were emplaced between 17-14 Ma (Fig. 2). The most
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recent volcanism in the archipelago occurred at the 1852 m stratovolcano of Mt. Ross,
which formed between -1 and 0.1 Ma (Weis et al., 1998). Fumarolic activity continues
today on the flanks of Mt. Ross and on the southwestern peninsula.
In Figure 2, we summarize the existing whole rock K-Ar dates from Kerguelen
basalts and gabbros (Fig. 2); however these should be regarded with caution. Unlike
"Ar/ 39Ar, the K-Ar dating cannot distinguish the effect of thermal resetting, of
trapped excess magmatic Ar, or of low temperature alteration; all cases are likely for
some Kerguelen Archipelago basalts. Moreover, the K-Ar dates should also be
treated cautiously because the data reduction protocols were not always described in
some of the earlier papers.
Two gabbroic plutons, the Val Gabbro and Monts des Mamelles, with
measured K-Ar dates of 39±3 and 39±2 Ma respectively, are the oldest known rocks
on the Kerguelen Archipelago (Giret and Lameyre, 1983; Giret and Beaux, 1984).
Although contact relationships are not clear, both greenschist facies basalts and
unaltered basalts lie adjacent to the Val Gabbro pluton (Giret and Beaux, 1984).
Because of the apparently intrusive relationship with the greenschist basalts and
because the K-Ar date of the gabbro, -40 Ma, correlates with the coincidence of the
Kerguelen plume and the Southeast Indian Ridge, previous studies have argued that
much of the Kerguelen Archipelago formed essentially during or soon after ridge-
plume conjunction by outpouring of flood basalt (Giret and Beaux, 1984; Gautier et al.,
1990). However the oldest basalt dated by K-Ar is -28 Ma (Fig. 2).
Watkins et al. (1974) reported K-Ar dates of 28.0-27.1 Ma for basalts from Mt.
Bureau in the north of the Archipelago (Fig. 2). Basalts from three other stratigraphic
sections farther southeast are younger (25.8-23 Ma) and, in two instances,
stratigraphically lower lava flows yielded younger K-Ar ages than overlying flows
(e.g. Mt. Crozier, Mts. du Chateau, Fig. 2). On the basis of the age inversion with
stratigraphy, Giret and Lameyre (1983) and Giret and Beaux (1984) suggested that the
K-Ar system of the flood basalts had been thermally reset. Cantagrel et al. (1990)
suggested that regional zeolite facies metamorphism may have modified the ages
through potassium or argon loss. Because the 4 Ar/ 3 9Ar technique is sensitive to
thermal resetting and can identify domains of argon retention, our study investigates
the interpretations of thermal resetting and low temperature alteration of the Mt.
Crozier lavas.
Sample selection and analytical techniques.
We chose samples with minimal alteration based on hand sample appearance
and petrography. Petrographic survey shows that the sample groundmasses are
microcrystalline, thus avoiding problems commonly encountered when working with
glassy samples (Turner and Cadogan, 1974; Foland et al., 1993). The lavas contain
plagioclase ± pyroxene ± olivine and are predominantly phenocryst-poor. Samples
OB93-123, OB93-143 and OB93-186 are the exception in that they contain up to 25%
plagioclase phenocrysts and glomerocrysts (Damasceno et al., 1997). Plagioclase
phenocrysts are commonly less than 0.60 mm long and olivine and clinopyroxene
only rarely reach sizes greater than 1 mm. The groundmass is intersertal to sub-
ophitic and occasionally sub-trachytic textures are present.
In a petrographic and X-ray diffraction study, Nativel and Nougier (1983) and
Giret et al. (1992) found calcic zeolites in many archipelago basalts, but potassium-
bearing zeolites such as phillipsite were relatively uncommon. Other signs of low
temperature alteration include iddingsite alteration of olivine and rare sericite growth
on plagioclase. Based on the K-Ar ages of plutons not containing zeolites, it is likely
that zeolites formed in the flood basalts prior to 13 Ma (Giret and Lameyre, 1983;
Cantagrel et al., 1990). Although the zeolites are primarily in vesicles and pyroclastic
deposits, the presence of zeolites raises concern over possible open system behavior
by potassium which will lead to erroneous argon dates (Walker and McDougal, 1982;
Cerling et al., 1985).
Abundances of Ba, Rb, and K are all susceptible to low temperature alteration
and usually Rb is the most mobile. To evaluate K mobility, we plot K/Rb vs. Ba/Rb
(Fig. 3). Lava compositions from the five sampled sections range from 2 to 44 in
Ba/Rb and from 60 to -2700 in K/Rb, with samples from Mt. Tourmente having the
highest ratios (Fig. 3). In a study of 166 fresh mid-ocean ridge and ocean island
basalts, Hofmann and White (1983) found that Ba/Rb ratios generally fall near a value
of 11.3, despite variations in sample location and Ba and Rb abundances. Most
Kerguelen samples, including those chosen for this study, cluster around this value,
indicating that hydrothermal processes have not disturbed abundances of these
incompatible trace elements. In fresh basalts, K/Rb ratios vary by a factor of 5
(Hofmann and White, 1983). K/Rb in the dated archipelago samples vary by less than
a factor of two, a range which corresponds with normal magmatic variations. We
infer that the Ba/Rb and K/Rb of the dated samples are typical of magmatic values
and that the potassium contents are unaffected by the zeolitisation, although some of
the undated Mt. Bureau, Mt. Rabouillere and Mt. de la Tourmente samples show
significant mobility of these elements as expressed by K/Rb > 300 and Ba/Rb > 20
(Fig. 3). Additionally, unleached powders of Kerguelen archipelago basalts yield Sr
isotopic ratios within the range of typical mantle values indicating that post-
emplacement hydrothermal processes have not affected the geochemical
characteristics of the basalts (Dosso et al., 1979).
The selected samples were crushed to approximately 500 pm with a disk mill
and then sieved to 125-250 pm and 250-500 pm. Using a Franz magnetic separator, the
samples were divided into a split of magnetic mafic phases, a split of non-magnetic
plagioclase and groundmass. We removed the olivine and clinopyroxene because of
their tendency to trap excess magmatic argon, which can complicate the results of the
argon analysis (Laughlin et al., 1994). The whole rock separate was leached with 3N
cold HCl in an ultrasonic bath for 30 minutes, followed by rinsing with deionized
water and a final rinse of IN HNO 3. Plagioclase separates were similarly leached with
an added 5 minute bath in -7% HF before rinsing. Eighty to one hundred milligrams
of each sample were irradiated at the McMaster University research reactor. The fast
neutron fluence was monitored with Fish Canyon sanidine (28.03 Ma; (Cebula et al.,
1986; Renne et al., 1994) and irradiated synthetic salts (KCl, K2SO 4, CaF) provided
correction for interfering nuclear reactions.
We used a double-vacuum resistance furnace for gas extraction followed by
analysis with a MAP 215-50 mass spectrometer. During analytical runs, the total
system mass 40 blanks ranged from 1x10*' to 7x10' 5 moles. Prior to age calculation, all
data were corrected for system blanks, interferences and mass fractionation following
the procedure described in (Vannay and Hodges, 1996). The first heating increment
(773 K) served to degas adsorbed atmospheric argon and to dispel argon potentially
contributed by the K-bearing zeolites, phillipsite and heulandite which change
structure or collapse at -473 and 620 K respectively. The last heating increment (1900
or 1973 K) of each sample served as a furnace degassing step and was not included in
the plateau and isochron calculations. Plateau ages were defined using the method of
Fleck et al. (1977) and were based on the mean weighted averages of the heating
increments. Linear regressions of the data points (York, 1969) yielded isochron ages
on39Ar/4*Ar vs "6Ar/4Ar inverse isochron diagrams (Roddick et al., 1980). Quoted two
sigma errors account for analytical uncertainty as well as scatter around the best-fit
line.
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Results.
The flood basalts forming the Kerguelen Archipelago have experienced post-
magmatic alteration, most notably formation of low-temperature zeolites (Nativel and
Nougier, 1983; Giret et al., 1992). A weak acid bath was used to remove secondary
alteration products. We evaluated the effects of acid-leaching by determining the
40Ar/39Ar systematics of leached and unleached aliquots of groundmass from sample
GM92-135. The leached sample yielded a marginally better plateau than the unleached
sample and the isochron ages are statistically indistinguishable (Figs. 4a,b). Because
there was no evidence that the leaching procedure disturbed radiogenic argon in the
sample, we used this procedure for all samples to minimize contributions from
alteration phases to the argon analysis.
Comparison of whole rock and plagioclase samples
Previous argon isotopic studies found that fine-grained volcanic rocks tended to
lose radiogenic 4 Ar by diffusion, which results in measured ages significantly younger
than the crystallization age (Walker and McDougal, 1982). Foland et al. (1993) suggest
that analysis of acid-leached plagioclase separates can circumvent problems associated
with dating of fine-grained basalts. Unfortunately, we found that the Kerguelen
Archipelago basalts contained plagioclases with such low radiogenic 40Ar yields that
apparent ages for plagioclase separates were less precise than those obtained from the
whole rock separates (Table 1; Fig. 4). In the case of Mt. Crozier, the plagioclase
samples give isochron ages inconsistent with stratigraphic relationships and whole
rock ages, although the large errors on the plagioclase ages permit stratigraphic
continuity (Table 1, Fig. 5).
In summary, we find that for the Kerguelen Archipelago flood basalts, acid-
leached groundmass provides more precise 40Ar/9Ar ages than plagioclase
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phenocrysts. In part this reflects the higher concentration of potassium and radiogenic
argon in the groundmass of Kerguelen basalts (e.g. whole rock - 3.4 wt. % K2 0)
relative to plagioclase ( 0.9 wt. % K20). Importantly, the overall consistency of
plagioclase and whole-rock results imply insignificant thermal resetting of K-Ar flood
basalt ages.
Age variations of the Kerguelen flood basalts
As with other dating studies of volcanic rocks, this study equates the measured
age, which reflects the mineral or matrix retention of argon, with the crystallization
age of the rock. Isochron ages from leached groundmass and plagioclase separates lie
within a relatively narrow age range of 24.53±0.29 to 29.26±0.87 Ma (Table 1). Of the
twelve groundmass samples analyzed, all yielded meaningful inverse isochron ages
and eleven gave plateau ages. Of these eleven, all gave plateau ages concordant with
inverse isochron ages within error (Table 1).
Whole rock samples displayed generally flat spectra with young ages for most
900 K increments (Appendix A). Most 3"Ar was released between 1073 and 1323 K
(Appendix B). On inverse isochron diagrams, eleven samples have initial "Ar/*6Ar
close to the accepted atmospheric value [(4"Ar/Ar)o = 295.5]. Samples GM92-148,
OB93-354B and OB93-414 have initial 40Ar/36Ar ratios which are substantially higher
than atmospheric values, but high (OAr/ 3 6Ar)O values are commonly observed in
basalts (e.g. Laughlin et al., 1994).
Stratigraphic sections
We discuss the 40Ar/ 39Ar ages for each of the five stratigraphic sections, starting
with the westernmost section, Mt. Bureau, and progressing to the southeast. Based on
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the regional dip of the flood basalts and significant glacial erosion, these sections
should decrease in age to the southeast.
Isochron ages for the Mt. Bureau samples range from 29.26 ± 0.87 Ma near the
base of the collected section to 28.51 ± 0.49 Ma at the top, making them the oldest
dated flood basalts in the Kerguelen Archipelago (Fig. 2, 5). These ages are slightly
older than the three K/Ar total fusion ages obtained on Mt. Bureau lavas by Watkins
et al. (1974). For sample OB93-336B, two possible lines may be regressed through the
data points in the inverse isochron diagram (Fig. 4c). Data from steps 3-6 (dashed line)
yield an age of 30.2±0.9 (MSWD~0.01). However the resultant (4 Ar/ Ar)0 is 168±78,
much lower than the expected atmospheric value. In contrast, data from steps 2-4
give an age of 29.26 ± 0.87 and a ("Ar/ 36Ar)* ratio of 306±82. Because the 30.2 Ma age
would require an unrealistically low (40Ar/ 3Ar)' ratio, we regard 29.3 Ma as our best
estimate of the eruption age of OB93-336.
The uppermost dated sample in the Rabouillere section, 8.5 km east and 15 km
south of Mt. Bureau (Fig. 2) is GM92-135 which yields a date of -28 Ma for both the
leached and unleached samples (Fig. 4). The lowermost sample GM92-148 gives an
isochron age of 29.00±0.34 Ma (Table 1, Fig. 5). This sample does not define a plateau
and has a relatively high 4*Ar/1Ar intercept (419±50) which indicates the presence of
excess argon (Appendix B).
The Mt. de la Tourmente stratigraphic section is 2.9 km east and 36.5 km south
of Mt. Bureau (Fig. 2). Two lavas from this section gave ages of 26.0±1.0 Ma and
25.31± 0.67 Ma (Table 1, Fig. 5, Appendix A).
Mt. Crozier on the Courbet Peninsula is -56 km east of Mt. Bureau (Fig. 2). It is
the thickest section (-980 m) and thus several samples were dated. Leached
groundmass from the base and top samples give ages of 24.82±0.19 and 24.53±0.29 Ma
(Fig. 5, Table 1, Appendix A). These samples show well-defined plateaus and have
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initial "Ar/3 Ar values that overlap with the atmospheric ratio. Plagioclase separates
from three stratigraphically-intermediate samples all gave dates with very large
errors, although OB93-123 and OB93-143 give ages similar to those of the whole-rock
samples OB93-111 and OB93-204 (Table 1). OB93-186 plagioclase yielded a much older
apparent age (28.5 ± 5.5 Ma) which, given its large error, is nevertheless concordant.
These data do not show an inversion of sample dates relative to stratigraphy
previously observed by (Giret and Lameyre, 1983) and therefore do not substantiate
their interpretation of widespread thermal resetting of ages by Kerguelen plutonic
intrusions.
Jaune and du Charbon ravines expose two adjacent lava sections from the
Peninsula Jeanne d'Arc, 34 km east and 66 km south of Mt. Bureau (Fig. 2). Two
interbedded conglomerate deposits enable correlation of these two sections (Fig. 5;
Frey et al., 2000). Sample ARC 731 (Ravine du Charbon) is the uppermost dated
sample and ARC 678 (Ravine Jaune) is the lowest dated sample from the section. The
four leached groundmass aliquots from these two correlated sections yield an age of
~25 Ma within the analytical error (Table 1, Appendix A).
Discussion.
The 4*Ar/39Ar ages of the exposed basalts span approximately 5 million years
(-29 Ma to -24 Ma). During this time, the major element composition of the basalts
changed from transitional to alkalic (Yang et al., 1998; Frey et al., 2000; Weis et al.,
1998; Damasceno et al., 1997). Basalt eruption on the archipelago essentially ceased at
- 24 Ma, although the documented erosion of the top two kilometers of the
archipelago's crust obscures the timing of the cessation. After the basaltic volcanism
ended, eruptions were limited to small volume, highly alkalic lavas (basanite to
phonolite series) and plutons of syenite and granite (Giret and Lameyre, 1983; Giret
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and Beaux, 1984; Weis and Giret, 1994; Weis et al., 1993, 1998a; Frey et al., 2000).
Despite this diversity of magma compositions, the strontium and neodymium isotopic
signatures show a only a small range. For more than 100 samples, ("8 Sr/Sr)i =
0.70515±12 and (143Nd/ 1"Nd)i = 0.51259±5 where the variation is in the last decimal
places (Weis et al., 1998a, 1998b). A few basalts from Mt. Bureau and Mt. Rabouillere,
defined as the depleted group (Yang et al., 1998) have lower Sr and higher Nd isotopic
compositions. The isotopic and trace element characteristics of these older, transitional
basalts suggest that an oceanic crustal component was incorporated into these melts
(Yang et al., 1998; Weis et al., 1998b).
Interaction of the Southeast Indian Ridge and the Kerguelen plume
Seafloor magnetic anomaly 18, created when the Southeast Indian Ridge
separated Broken Ridge from the Central Kerguelen Plateau (Mutter and Cande, 1983;
Houtz et al., 1977) suggests an upper age limit of 40.1 Ma for the archipelago (Fig. 1).
Several lines of evidence suggest that the initiation of Kerguelen Archipelago flood
basalts may have been related to the conjunction of the Kerguelen plume with the
Southeast Indian Ridge. These include the early Sr and Nd isotopic data which were
interpreted to show that the mantle source of the archipelago lavas was a mixture
composed of plume and depleted (i.e. MORB-related) components and to show that
the proportion of depleted component decreased as the Southeast Indian Ridge
moved away from the archipelago (Gautier et al., 1990). Subsequent analyses refined
this interpretation; nonetheless some of the oldest dated basalts from Mt. Bureau do
contain a depleted component as seen in the Sr and Nd isotopic data (Yang et al., 1998;
Weis et al., 1998b). In addition, two gabbroic plutons exposed in the archipelago have
been dated at -39 Ma by K-Ar analyses, yet they do not show a depleted Sr or Nd
isotopic signature (Giret and Lameyre, 1983; Giret and Beaux, 1984). Although the
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contact relationships between these gabbros and nearby basalts is not
straightforward, intrusive relationships between younger gabbros and basalts have
been observed. It is reasonable to expect that the -39 Ma gabbroic plutons intruded
older basalts at depth. Therefore one hypothesis for the formation of the Kerguelen
archipelago is that flood basalts erupted from -40 to 39 Ma when the plume was
beneath the SEIR. Clearly the previous K-Ar ages (Fig. 2) and the ages reported in this
study are much younger. It seems then that the Kerguelen Archipelago flood basalts
did not form in a brief interval but continued erupting for approximately sixteen
million years (-40-24 Ma). Sporadic lava and pluton emplacement continued into the
upper Miocene (8-10 Ma) as documented in the Southeast Province (Dosso et al., 1979)
and into the Holocene as seen at Mt. Ross (Weis et al., 1998a). Because the exposed
lavas only span one quarter of this age range and 1/20th of the crustal thickness, we
use calculated lava eruption rates to evaluate the hypothesis that basalt eruption
initiated when the Kerguelen plume was near the Southeast Indian Ridge.
Lava accumulation rates calculated for each stratigraphic section approximate
the eruption rates of Kerguelen Archipelago basalts. Paleotopography and the degree
of erosion are not known in detail, so we use the average rate calculated for each
section as proxy for the accumulation rate. By dividing the stratigraphic distance
between dated samples by the differences in sample ages, we calculate accumulation
rates ranging from 3.2 km/my for Mt. Crozier to 0.3 km/my for the Mt. Rabouillere
section (Fig. 5). The average accumulation rate of the five sections yields an estimated
eruption rate of 1.5 ± 5.5 km/my for the archipelago flood basalts, with the -2 G- error
calculated by propagating the errors on the age measurements with an estimated
error of ±10 m in section heights. Younger sections show higher accumulation rates
(Fig. 5), perhaps implying a change in eruption rate with time. However, propagated
errors for individual sections are quite large, so inferences of change in eruption rate
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are tenuous at best. Considering that the basalts dip -2' approximately
southeastward, we calculate an eruption rate by combining the results from the Mt. de
la Tourmente and Mt. Crozier sections, two of the thickest crustal sections. Correcting
for the regional dip, the top of the Tourmente section represents a crustal level -1900
m deeper than the base of the Crozier section. The combined sections represent a
crustal thickness of -2.5 km between the highest dated sample at Crozier (24.53±0.29
Ma) and the lowest dated sample at Tourmente (26.0±1.0), implying an eruption rate
of -1.6 ± 0.9 km/my. In this case, the propagated error assumes a ±200 m error on
the calculated crustal thickness. Because both calculations yield similar eruption rates,
we present 1.6 ± 0.9 km/my as our best estimate.
Seismic refraction studies of the Kerguelen Archipelago (e.g. Charvis et al.,
1995) revealed crustal thicknesses of -15-19 km. A distinctive velocity change at -10
km was interpreted as the base of the basaltic pile in several localities (Charvis et al.,
1995). Lower crustal xenoliths in alkalic basalts and dikes suggest that the lower -10
km of crust is composed of cumulates (e.g. Mattielli et al., 1996). Assuming a constant
extrusion rate for the entire flood basalt sequence, we can estimate an age for the
basal eruption (ab) by the equation:
ab= a, + t/e
where a is the oldest measured basalt age (29.26 Ma), t is the thickness of the upper
crust and e is the eruption rate. This yields an estimated age of -35 Ma for the base of
a 9 km thick basaltic pile which is permissive of archipelago formation beginning in a
near-ridge environment. At a spreading rate of 22 mm/y (Mutter and Cande, 1983),
the ridge would be -110 km from the archipelago at 35 Ma. Within the error
calculated for the eruption rate, the base of the basalt pile could be as old as -40 Ma
(the age of magnetic anomaly at the plateau margin) or as young as -33 Ma.
However, the younger age limit is inconsistent with K-Ar dates on the gabbros.
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Basalts with a depleted geochemical signature are found exclusively in the older Mt.
Bureau and Mt. Rabouillere sections, and this signature has been interpreted as the
result of mixing between SEIR-derived cumulates and Kerguelen Plume melts (Yang
et al., 1998). The geochemical characteristics of basalts from deeper in the archipelago
crust may reflect even greater degrees of plume-ridge interaction (e.g. Gautier et al.,
1990).
Calculation of a volumetric eruption rate requires estimation of the volume of the
archipelago. Although the exposed surface of the Kerguelen Islands has an area of 6500
km2 (Nougier, 1970), we use the area within the 200 m bathymetric contour (8500 km2) to
account for material eroded from the many fjords. We further assume a thickness of 12
kilometers for the total vertical section of the basaltic pile based on -10 km thickness
observed from refraction data and -2 kilometers of eroded material. This 2 km estimate
of eroded material is consistent both with distribution of zeolite zones and with glacial
erosion of the eastward dipping basalts. Using the age range from 35 to 24 Ma, we
calculate a volumetric eruption rate for the Kerguelen Archipelago basalts of
approximately 0.009 km3/y. Weis et al. (1998a) reported a magma supply rate of 0.013
km 3/y. This differs slightly from our calculated eruption rate because Weis et al.
considered the entire crustal thickness (20 km). For reference, the eruption rate of the
Kerguelen Archipelago is 2 to 5.5 lower than calculated rates (Lipman, 1995) for the
Hawaiian tholeiitic shield volcanoes of Mauna Loa (0.02 km3 /y.) and Kilauea (0.05 km 3/y).
Changes in Kerguelen plume eruption rates
Rapid eruption of basalts due to the impact of a mantle plume head on lithosphere
is a model for flood basalt volcanism (Richards et al., 1989; Campbell and Griffiths, 1990).
Subsequent volcanism may form a hotspot track as the lithosphere migrates over the
plume stem (Richards et al., 1989; Sleep, 1992). The Kerguelen large igneous province
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provides an excellent example because the expansive Kerguelen Plateau and Broken Ridge
formed relatively quickly during Cretaceous time (Coffin and Eldholm, 1994; Mahoney et
al., 1983) followed by development of the Ninetyeast Ridge hotspot track and Kerguelen
Archipelago (Duncan and Richards, 1991). These different provinces reflect different
stages of plume development, such as head impact and subsequent stem volcanism, and
comparison of the eruption and crustal production rates gives a quantitative constraint on
the vigor of each stage.
Comparison of the extrusion rates calculated for the Ninetyeast Ridge and for the
Kerguelen Archipelago, both formed during the stem phase of plume volcanism, shows a
temporal decrease in the eruptive flux (Table 2), possibly because the Kerguelen
Archipelago was constructed on the thick lithosphere of the Northern Kerguelen Plateau
(Saunders et al., 1994). We note, however, that the eruptive flux for the Kerguelen
Archipelago is a minimum estimate for the magma supply during the Oligocene and
Miocene because Heard and McDonald Islands, although much smaller in volume than the
archipelago, have also been attributed to the Cenozoic activity of the Kerguelen plume
(Storey et al., 1988).
Total crustal production rates of the different Kerguelen provinces also show a
decrease with time (Table 2). It is useful to look at crustal production rates because of the
difficulty in accurately quantifying the distribution and thickness of crustal extrusive rock
in the plateau. The crustal production rate is reported using both the total crustal
thickness, which does not account for pre-existing oceanic crust and thus is a maximum
estimate, and using the total thickness minus an average oceanic crust thickness of 7 km
(White et al., 1989). Coffin and Eldholm (1994) provide a range of eruptive and crustal
production rates from the Kerguelen plume during the Cretaceous (Table 2). Saunders et
al. (1994) compared crustal production rates estimated from the Kerguelen Plateau and
Broken Ridge (0.8-1.5 km3/y.) with those from the Ninetyeast Ridge (0.23-0.5 km 3/y;
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Table 2). The clear decrease in the flux is consistent with a lower magmatic output
subsequent to the impact of the plume head. Changes in the crustal production rate
during the stem phase of the plume are not well constrained because the Kerguelen
Archipelago sits upon the thick crust of the Northern Kerguelen Plateau (NKP) whose age
is unknown. Cenozoic sediments directly overly the NKP basement and are intercalated
within the top -60 meters of NKP basalt in one locality north of the archipelago(Coffin et
al., 2000). Concurrent formation of the NKP basaltic basement and archipelago during the
Cenozoic suggests a crustal production rate of -0.25 km3/yy for the Kerguelen plume
which is similar to the rate inferred for the Ninetyeast Ridge (Saunders et al., 1994).
Conclusions.
We have presented 40Ar/' 9Ar age data for five stratigraphic sections of Kerguelen
Archipelago basalt. The age of the basalts ranges from 29.3 to 24.5 Ma and spans a
compositional change from transitional to alkalic basalt volcanism. At approximately 24
Ma, basaltic volcanism essentially ceased, but the cessation of basalt eruption cannot be
precisely identified because of the extensive amount of erosion and glaciation which likely
removed younger basalts.
We calculate an average extrusion rate of 1.6 ± 0.9 km/my from the Mt. Crozier
and Mt. de la Tourmente stratigraphic sections. Extrapolated backwards in time, this rate
implies an age of ~35 Ma for the base of the basaltic pile. However, consideration of the
error on this estimated age allows for either a ridge-centered or a near-ridge tectonic
setting for the Kerguelen plume when the Kerguelen Archipelago began to form. The
range of calculated and observed flood basalt dates suggests that the magmatism lasted at
least 12 million years and the archipelago continued to form after the SEIR migrated away
from the Kerguelen plume.
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From the Cretaceous to the present, the crustal production rate of the Kerguelen
plume has decreased from -2.3 km 3/y for the Kerguelen Plateau to -0.25 km 3/y for the
Ninetyeast Ridge and the Northern Kerguelen Plateau. These calculations suggest that the
crustal production and eruption rates decreased by a factor of ten as plume-related
volcanism changed from decompression melting of the plume head to the plume stem.
The volumetric 0.009 km3/y eruptive rate calculated for the Kerguelen archipelago flood
basalts is much lower than the extrusion rates estimated for the plume-related Ninetyeast
Ridge (0.18 km 3 /y) and for the Kerguelen Plateau (1.7 km 3/y). The decrease in eruption
rates, combined with the increasingly diffuse pattern of Cenozoic volcanism, suggests that
lithospheric growth has impeded melts from erupting at the surface.
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Table 1: "Ar/ 39Ar plateau and isochron ages for Kerguelen Archipelago basalts
Sample & increment Plateau Age %39Arp(Ma * /oAr
Isochron age
(Ma) V Cum.% 39Ar (40Ar/36Ar)*
Mt. Bureau
OB93-321 leached whole rock
OB93-336 leached whole rock
Mt. Rabouillere
GM92-135 unleached whole rock
GM92-135 leached whole rock
GM92-148 leached whole rock
Mt. de la Tourmente
OB93-354B leached whole rock
OB93-414 leached whole rock
Mt. Crozier
OB93-111 leached whole rock
OB93-123 leached plagioclase
OB93-143 leached plagioclase
OB93-186 leached plagioclase
OB93-204 leached whole rock
Ravine du Charbon
ARC 731 leached whole rock
ARC 573 leached whole rock
Ravine Jaune
ARC 686 leached whole rock
ARC 678 leached whole rock
28.5 ± 0.3 100 28.51 ± 0.49
29.1 ± 0.4 91.4 29.26 ± 0.87
29.1 ± 0.4
28.8 ± 0.6
86.7
94.1
26.0 ± 0.4 90.8
27.1 ±0.2 100
24.7 ± 0.1
26.6 ± 1.7
16.3 ± 5.8
27.3 ± 2.3
24.8 ± 0.1
24.9 ± 0.1
25.00 ± 0.08
100
100
100
99.0
100
26.5 ± 1.6
28.1 ± 1.5
29.00 ± 0.34
25.31 ± 0.67
26.0 ± 1.0
24.53 ± 0.29
24.7 ± 2.8
24.2 ± 10
28.5 ± 5.5
24.82 ± 0.19
96.2 24.85 ± 0.17
91.6 25.18 ± 0.36
25.00±0.083 100 24.99 ± 0.16
24.8 ± 0.1 75.3 24.83 ± 0.16
MSWD 9
100
62.9
28.3
94.1
85.8
90.8
90.7
100
100
100
99.0
100
100
91.6
100
100
294 7
305 82
350 44
312 26
419 50
375 51
345 ±37
320 ± 29
311 ± 16
268 ±26
273 ±83
302 ± 21
316 6
274 38
307 9
303 4
0.84
2.34
2.92
0.65
1.44
1.69
0.71
1.66
0.30
0.38
0.80
0.93
0.12
0.34
1.01
0.34
* Plateaus are defined using the method of Fleck et al. (1977); i.e. they consist of at least three consecutive heating steps which overlap
within 2o uncertainties and represent at least 50% of the total "Ar, released. Y We use the isochron age as the best indicator of the
sample age which is reported at 2a. § The mean square weighted deviation (MSWD) measures the quality of the line fit and an MSWD
of 1.0 correlates with a line perfectly defined by the data.
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Table 2: Extrusive and crustal production rates
Extrusive Crustal production rate, Total crustal
Location rate excluding oceanic crust production ratet Source
km 3 /y km 3/y km 3/y
Kerguelen Plateau 1.7 2.3 3.5 Coffin and Eldholm, 1994
Kerguelen Plateau 0.8 1.5 Saunders et al., 1994
Ninetyeast Ridge 0.18 0.23 0.5 Saunders et al., 1994
Kerguelen Archipelago 0.009 this study
Kerguelen Archipelago and 0.25* 0.42 this study
Northern Kerguelen Plateau
Volumes and ages ranges are reported in the cited references. The extrusive rate for the Ninetyeast Ridge is based on
the reported basalt volume excluding oceanic crust Saunders et al.(1994). * This rate accounts for the total area and
volume of the Northern Kerguelen Plateau and the archipelago using an average thickness of 17 (e.g., Charvis et al.,
1995) and an area of 410' km2 . An average oceanic crustal thickness of 7.1 km (White et al., 1989) has been subtracted.
The assumed age range is from 40 to 24 Ma. tThis calculates the rate including using the total crustal thickness; no
allowance has been made for ore-existine oceanic crust.
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Figure captions.
Figure 1: Plate reconstructions during the formation of the Kerguelen Archipelago
and the current tectonic setting (Royer and Sandwell, 1989). The
reconstructions emphasize breakup between the Kerguelen Plateau and Broken
Ridge when they were ridge-centered, and subsequent migration of the
Southeast Indian Ridge (a) Northwestward propagation of the SEIR (dashed
line) split the Broken Ridge and the Kerguelen Plateau at 42.7 Ma. At 20.5 Ma
(b), the Ninetyeast and Broken Ridges and the Kerguelen Plateau are
completely separated. (c) Current location of the Kerguelen Archipelago with
respect to the SEIR and other Kerguelen plume-related provinces. The inferred
location of magnetic anomaly 18 (41.3-42.7 Ma) is indicated by heavy lines along
the eastern margin of the plateau (Royer and Sandwell, 1989). On the Northern
Kerguelen Plateau, the location of anomaly 18 is poorly defined. Ages for the
Central (CKP), Southern Kerguelen Plateau (SKP) and Ninetyeast Ridge are
compiled from (Leclaire et al., 1987; Duncan et al., 1991; Whitechurch et al.,
1992).
Figure 2: Geologic map of the Kerguelen Archipelago with K-Ar and Rb-Sr dates
summarized. The locations and 40Ar/ 39Ar isochron age ranges of the five
stratigraphic sections reported here are indicated by capital letters.
Figure 3: Incompatible element ratios Ba/Rb and K/Rb document post-crystallization
element mobility. The outlined field represents all available trace element data
for Kerguelen flood basalts. The inset shows data for the 40Ar/ 39 Ar dated
samples, and the solid triangle indicates Ba/Rb=11.3, the average value
proposed for fresh ocean island basalts (Hofmann and White, 1983).
Figure 4: Step-heating spectra and inverse isochron diagrams comparing leached (a)
and unleached(b) samples. Also shown are the analyses of the oldest sample
and a representative plagioclase sample. Spectra and inverse isochron
diagrams for all samples are shown in Appendix A. The age spectra show
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plateaus defined by at least three consecutive steps which total >50% of the total
gas released and whose ages agree within 2 a (after Fleck et al., 1977). The
regression of the line through the data on inverse isochron plots uses the
method of York (1969). The 36Ar/4Ar intercept reflects the initial 3'Ar/4"Ar of
the sample and the age of the sample is calculated from the 39Ar/44Ar intercept.
An arrow indicates the atmospheric 36Ar/4"Ar = 0.00338 (i.e. 1/295.5) Error bars
are for 95% confidence interval (2 a) (a, b) For whole rock sample GM92-135
(Mt. Rabouillere), note that the leached sample gives essentially the same age as
the unleached sample. (c) Age spectrum and inverse isochron diagram for the
basal sample from the Mt. Bureau stratigraphic section, which is the oldest
dated basalt from the Kerguelen Archipelago. Two linear regressions are
indicated by the solid and dashed lines (see text for discussion). The reported
age is for the solid line. (d) Age spectrum and inverse isochron diagram for a
plagioclase separate from a Mt. Crozier basalt.
Figure 5: Scaled figures of the Mt. Bureau, Mt. Rabouillere and Mt. de la Tourmente,
Mt. Crozier and Jaune-du Charbon sections showing the stratigraphic positions
of samples, measured ages and calculated average eruption rates. Note that
eruption rates vary with total stratigraphic height, that is the relatively thin
crustal sections exposed at the Mt. Rabouillere and Ravine du Charbon give low
eruption rates when the mean isochron age is used for the calculation.
However since the ages overlap within the analytical precision, the eruption
rate could be much higher. The cumulative average eruption rate is 1.5 ± 5.5
km y-1.
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Appendix A: "Ar/"Ar heating increment data for Kerguelen Archipelago basalts
('Ar/*Ar) "Ar/*Ar
Sample & temperature J value "Ar/*Ar error "Ar/*Ar error (x "ArK moles Cumulative
increment (K) (x10 4 ) (x 104) (x 10") (x 102) 102) (x 101") % "Ar *Ar* Age (Ma) 2o (Ma)
Mt. Bureau
OB93-321 leached whole rock
900 27.69 25 1
1100 9.85
1300 5.42
1500 103
1700 37
OB93-336 leached whole rock
923 1396 157
1073 9.1
1173 125
1323 2.93
1473 78
1673 66
Mt. Rabouillere
GM92-135 unleached whole rock
900 29.10 25.2
1100 1371
1200 26
1300 54
1500 105
1700 182
GM92-135 leached whole rock
900 2910 240
1100 1404
1200 3.94
1300 746
1500 1445
1700 16.5
GM92-148 leached whole rock
900 2762 413
1100 4.33
1200 064
1300 0
1500 0
1700 73
Mt. de la Tourmente
OB93-354B leached whole rock
923 13.96 12.0
1073 9.31
1173 2.0
1323 2.06
1473 134
1673 00
Mt. de la Tourmente
OB93-414 leached whole rock
900
1100
1300
1500
1700
27.69 118
10.58
565
79
4.9
Mt. Crozier
OB93-111 leached whole rock
973 51.29
1173
1373
1573
2.4
089
0.55
1.2
13.1
0.7
1.6
0.23
032
11
13
16
032
12
10
13
21
18
068
0 56
0.93
0.75
14
059
0 15
024
42
38
10 1
2.0
0.82
1.4
050
7.1
68
4.67
12.160
14.660
12.150
10 160
891
5 97
8 10
7.86
720
735
736
10490
16 100
15.670
13 000
660
830
1001
15.83
14360
10.300
9.051
15250
13960
16560
17.340
19.35
1596
7.89
6.45
880
9.151
1025
823
011
0 024
0.019
0050
0.096
0 10
040
0.21
0 16
0.39
070
0 13
0 039
0 064
0 071
0.068
0 11
011
070
1 27
0.054
0 044
0061
0.030
0015
0.027
0.044
0.14
0.13
0.18
0.22
019
0.014
024
0.45
087
5.2
45
1.6
0 16
056
2.1
2.8
2.1
068
044
0.72
35
2.6
1.2
1.5
0 15
054
3.0
2.3
14
1.4
0.43
14
91
32
1.1
073
026
0.26
24
3.8
20
034
0075
11.4
51.6
86 6
98 7
100
8.6
32.1
64.1
87.4
95 0
100
11.8
46.6
71.7
83.7
98 5
100
60
38.9
63.7
79.5
95.3
100
14 2
68.3
87.5
94.2
98.5
100
4.5
31.1
73.2
95.3
99.2
100
258
70 8
83.9
694
889
53 5
73.0
963
91 3
77.0
80.5
25 6
59 5
923
83.9
68 8
46.1
29.2
585
883
77.9
573
51.4
87.7
87.2
98.0
100
100
78.4
64.7
725
94.1
93.9
603
100
27.4
28.9
28 4
28.3
43.2
15.1
305
29.7
29.0
26.8
274
18.2
29.5
29.9
27.9
27.6
36.3
18.4
30.4
29 1
283
29 0
29.6
28.5
30.9
29.3
285
25.6
243
20.5
28.1
26.7
25.7
14.8
30.4
1077
12.18
1535
1411
1279
31.390 0.058
35 930 0 072
40.90 0.10
2741 052
- .u o 
..
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Appendix A continued
('Ar/"Ar) "Ar/"Ar
Sample & temperature J value "Ar/"Ar error "Ar/"Ar error (x "ArK moles Cumulative
increment (K) (xl) (x 10') (x 10') (x 104) 102) (x 10) % "Ar **Ar* Age (Ma) 2a (Ma)
OB93-123 leached plagioclase
973
1200
1373
1573
1773
OB93-143 leached plagioclase
973
1173
1373
1773
OB93-186 leached plagioclase
973
1073
1173
1373
1773
OB93-204 leached whole rock
973
1073
1173
1373
1773
Ravine du Charbon
ARC 731 leached whole rock
900
1100
1300
1500
1700
ARC 573 leached whole rock
973
1073
1173
1273
1373
1773
Ravine Jaune
ARC 686 leached whole rock
973
1173
1373
1573
1773
ARC 678 leached whole rock
973
1173
1373
1573
1773
51 30 25.10
0
16 8
70
2.7
51.17 344
26 2
24 5
291
51.03 339
16 1
14 1
10 1
5.9
51.27 809
18
1 37
36
14 2
27.62 21 04
916
067
1590
3.5
51.27 301
3.361
023
281
58
4.4
5146 915
055
3.0
15.1
28.8
5113 18.75
077
22
11.8
58
8.170 0020
14.30 1.32
17.700 0.090
29.40 011
33.80 0.16
3.13
11.97
1041
791
0 393
17.87
19.57
23.870
26.36
0.27
0.64
0.24
049
0.044
0 13
1 49
0.098
115
25.7
100.0
503
794
91.8
17
0.019
0.51
1.1
14
0 24
1.1
0.33
0.19
0.017
0.90
0.24
039
0 24
28 190 0.070
3551 0.12
35 450 0.099
33 460 0.064
20.28 0 19
6.839 0037
1411 0.29
19.500 0041
19.700 0.068
17.54 246
14.7
0082
0.38
0.60
4.4
1.5
1086
33.110
36.270
33.99
38.60
29.48
0.18
0.069
0.316
1.02
0.11
0.10
26680 0.061
36.500 0076
34.75 443
27.37 1.66
2.99 3.58
15.930 0.032
36.040 0.073
34.030 0.067
23.37 0.18
24.14 5.79
9.8
23 4
6.1
0.34
0.016
Note that in addition to the listed temperature steps, each sample was heated to 773 and 1973 K These steps were
treated as degassing steps and the data are not reported. The * indicates radiogenic 'Ar. The reported
2 a errors include the error on the measured J values for each sample. Isochron, plateau ages and initial 'Ar/"Ar
intercepts calculated from this data are reported in Table 1 of Nicolaysen et al , 2000.
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Mt Bureau OB93-321
leached whole rock
70
60
50
40
00) 30
20
10
0
40
30
20
0 20 40 60
Cumulative % 3 9Ar
4e- 3
3e-3
0
.. 2e-3
(0
4e-3
3e-3
0
2e-3
Co
1e- 3
0
4e-3
3e- 3
- 2e- 3
80 100
Appendix
Steps 1-5: 28.
(40/3
MV
51 ± 0.49 Ma
6)0 = 294 ±7
SWD = 0.84
0 0 0.05 0.15 0.10 0.2
B: Fig. la 3 9 Ar/ 4 0 Ar
100% 39Ar
28.5 ± 0.3 Ma
0
40
32
Cu 24
) 16
8
0
50
40
: ..... .- .........
Mt. Rabouillere GM92-148
leached whole rock no plateau
I . . I . I . I I I I -
Steps 2-6: 29.00 0.34 Ma
(40/36) =419 ±50
MSWD = 1.44
a
Steps 1-5: 26.0± 1.0 Ma.
<- (40/36) = 345 37
MSWD=0.71
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Mt. de la Tourmente OB93-414
leached whole rock
100% 3 9 Ar
27.1 0.2 Ma
I i i I I 1
le-3
0
4e-3
3e-3
2e-3
le-3
0
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Mt. Crozier OB93-204
-leached whole rock
- -". -.
100% 3 9 Ar
24.8 ± 0.1 M
Mt. Crozier - OB93-111
leached whole rock
100% 3 9 Ar
24.36 ± 0.20 Ma
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200Y)
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Mt. Crozier OB93-186
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99.0% 39Ar
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Ravine Charbon ARC 731
leached whole rock
95.3% 3 9Ar
24.9i0.1 Ma
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Investigation of olivine-rich basalts from the Kerguelen Archipelago
using "Arl"Ar geochronology and Sr, Nd, Pb and He isotopes
Abstract.
Although the activity of the Kerguelen plume spans over 119 million years of activity,
the helium isotopic signature of Kerguelen lavas has never been documented. The
isotopically-enriched mantle source of the Kerguelen plume has been attributed to
either subducted sediments or delaminated sub-continental lithosphere. Helium
isotopic ratios, combined with other radiogenic isotopic data, may further characterize
the mantle source of the Kerguelen plume. Eleven olivine-rich basalts and one
basanite dike were collected from diverse locations on the Kerguelen Archipelago. An
additional basalt (19 Ma) comes from a seamount south of the archipelago. * Ar/ 39Ar
dating of the archipelago samples shows that the three northern samples are -28 Ma
whereas the samples from the southeastern peninsulas fall into two distinct age
groups: -10 Ma and 24-25 Ma. The helium isotopic signature of nine of these basalts
was examined by analyzing olivine and pyroxene separates during crushing and
fusion experiments. Multiple analyses of olivine separates reveal 3He/ 4He ranging
from 7.4 to 10.4 R/RA. Pyroxene separates yield 3He/ 4He from 6.5 to 9.6 R/RA. The
disequilibrium between measurements of crushed pyroxene and olivine and between
measurements of crush and fusion experiments of the same mineral separate suggest
that radiogenic ingrowth of 4He has perturbed the magmatic isotopic ratios. The
Kerguelen Archipelago basalts are transitional to alkalic and contain appreciable
amounts of Th (2-7 ppm). When corrected for calculated radiogenic helium
abundances, olivine and orthopyroxene separates yield similar helium isotopic ratios
for the same sample, and the corrected values are slightly higher (olivine: 9.7 to 11.4
R/ RA, orthopyroxene: 10.4-12.8 R/ RA) than the data obtained by crush analyses. The
results suggest that Kerguelen Archipelago lavas have enriched helium isotopic ratios
compared to mid-ocean ridge basalts (average 3He/ 4 He: 8 R/RA) but lower helium
isotopic ratios compared to high 3He/ 4He ocean island basalts (e.g. Heard, Loihi,
Iceland). Heard Island and Kerguelen Archipelago (ingrowth corrected) samples form
a trend from high 3He/ 4He (-18 R/RA) and moderate8 Sr / Sr (-0.705) to low 3He/ 4He
(-6 R/RA) and slightly higher 87Sr/ 86Sr. This trend may reflect mixing between a lower
mantle undegassed plume source and an enriched mantle component that represents
recycled sediment or sub-continental lithosphere.
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Introduction.
Helium isotopes are an effective chemical tracer for distinguishing some ocean
island basalts from mid-ocean ridge basalts (Allegre et al., 1983). In particular, some of
the ocean island basalts (OIB) from Iceland and the Heard, Hawaiian, and
Amsterdam-St. Paul Islands are characterized by 3He/ 4He ratios greater than 9 R/RA
(R is the 3He/ 4He of the sample and the RA is the atmospheric 3He/ 4He) and some
have 3He/ 4He ratios as high as 32 R/RA (Kurz et al., 1983; Hilton et al., 1995; Graham
et al., 1999; Breddam et al., 2000). Alternatively, some ocean island basalts with an
enriched mantle (EM) source - based on Sr, Nd, Pb - have low helium isotopic ratios
(3He/ 4He -4-6 R/RA; e.g., Moreira et al., 1995). Mid-ocean ridge basalts have lower
values of 7 to 9 R/RA (e.g., Kurz and Jenkins, 1981; Lupton, 1983). The observed
difference in 3He/ 4He between these two eruptive environments has been attributed to
compositional differences in the melt source regions. For example, correlation of
helium isotopic ratios with heavy isotopes (e.g. Sr, Nd and Pb) suggests that the
helium isotopic signatures reflect compositional differences in the source region
(Hanan and Graham, 1996; Graham et al., 1999). In other cases, helium isotopes do not
correlate well with Sr, Nd and Pb isotopes but instead correlate with incompatible
trace element ratios (e.g., Breddam et al., 2000). Because 3He is only produced by
cosmogenic reactions at the Earthis surface (e.g., Kurz, 1986a,b) and by relatively rare
reactions involving Li and tritium, high 3He/ 4He has been interpreted as an indication
of a high 3He mantle component perhaps located in the deep mantle (Lupton, 1983).
The radioactive breakdown of heavy isotopes such as U and Th produces 4He and low
3He/ 4He ratios. The radiogenic production of 4He can occur in the mantle source, in
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magma chambers, and after eruption of a particular lava. However, high 3He/ 4He
may also reflect a source region depleted in U and Th which produces relatively low
4He compared to a region with high U and Th abundances (e.g., Anderson, 1998). In
light of the growing evidence for whole mantle convection and the controversy
surrounding the existence of compositionally distinct mantle layers, some authors
have proposed that the observed 3He/ 4He differences are controlled by the relative
amount of 4He, which is in turn affected by the age, timing of latest depletion event,
and amount of U and Th in the source (Anderson, 1998). Also, Anderson (1998) has
proposed that helium, long thought to be incompatible (Kurz, 1993), may actually act
more compatibly than U and Th during melting. This paper does not address this
debate but instead uses helium isotopes and their correlation with other isotopic
tracers such as "7Sr/ 86Sr, 143Nd/ 1 4 Nd, and Pb isotopic ratios to characterize the Tertiary
lavas of the Kerguelen plume.
The Kerguelen large igneous province in the Indian Ocean includes the
Kerguelen Plateau, Broken Ridge - a rifted complementary section of the Kerguelen
Plateau - the Ninetyeast Ridge hotspot track and the Tertiary volcanism of the
Kerguelen Archipelago (Fig. 1, inset; Fig. 2). Kerguelen is among the three most
voluminous igneous provinces related to plume activity (Coffin and Eldholm, 1994).
Using the nomenclature for isotopic endmembers that describe mantle source regions
(Zindler and Hart, 1986), the Sr, Nd, and Pb isotopic ratios of Kerguelen lavas show
the influence of enriched mantle compositions (EM I and EM II) which may represent
subducted trench sediments or recycled subcontinental lithosphere. However, the
Kerguelen helium isotopic signature is poorly characterized. The existing helium
isotopic information was measured on olivine and pyroxene separates from
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harzburgite and dunite xenoliths erupted with basalts of the Kerguelen Archipelago.
The helium isotopic signature of these xenoliths is relatively low compared to other
OIB (5.3±0.3 to 12.3±0.4 R/R, Vance et al., 1989; Valbracht et al., 1996). Additionally
the helium isotopic ratios of the xenoliths are difficult to relate to the melts of the
Kerguelen plume. One basalt from the archipelago and two gabbros are more easily
attributed to the Kerguelen plume, but the measured helium isotopic ratios on olivine
and pyroxene separates are indistinguishable from or lower than MORB values
(3He/ 4He=7.0, 9.5 and 4.9 R/RA respectively; Vance et al., 1989; Valbracht et al., 1996).
Hilton et al. (1995) reported that lavas from Heard Island, an active volcanic complex
on the central Kerguelen Plateau, form two groups, one with 3He/ 4He of 16.2-18.3
R/RA and the second with 0.4 to 8.4 R/RA. In an effort to characterize the helium
isotopic signature of the Kerguelen plume, we report new analyses of olivine and
pyroxene separates from Tertiary lavas and a sill from the Kerguelen Archipelago.
This is one of the few attempts to measure helium isotopic ratios from basalts that are
not Quaternary in age. Additionally new 4 Ar/ 39Ar dates, major and trace element
data and Sr, Nd and Pb isotopic ratios are reported for several of these samples. On
the basis of these data, we show that the Kerguelen Archipelago basalts are
characterized by relatively low helium isotopic compositions that overlap and extend
to slightly higher 3He/ 4 He (up to 10.2 R/RA) than for NMORB.
Geologic background and sample locations.
The Kerguelen Archipelago covers approximately 6500 km2 of which ~80% of the
surface area exposes basalt. Glacial erosion is particularly robust in the archipelago
(Hall, 1990) and an estimated 400,000 km3 of igneous rock has been lost through
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erosion (Giret et al., 1992). The topography of the archipelago is marked by
peninsulas, glacial valleys and fjords (Fig. 1) which expose walls of shallowly dipping
flood basalts that are up to a km thick. Sampling of the glacial valley walls allows
recovery of stratigraphic sections hundreds of meters thick. Previous geochronologic
and geochemical studies show that older flood basalts (29-28 Ma), which chemically
are slightly tholeiitic to transitional, occur in the northern and northeastern parts of the
archipelago (Yang et al., 1998; Nicolaysen et al., 2000; Doucet et al., 2000). Basalts from
the eastern Courbet Peninsula and southeastern Ronarcfh and Jeanne diArc Peninsulas
are younger (24.5-24.8 Ma, Nicolaysen et al., 2000) and more alkalic (Damasceno et al.,
1997; Frey et al., 2000). Basalts of the southeastern peninsulas are intercalated locally
with pyroclastic deposits, fluvial sediments, and lignite (Leyrit, 1992; Frey et al., 2000).
Additionally, 6-10 Ma (Nougier et al., 1983; Leyrit, 1992) highly alkalic lavas (e.g.,
basanite) and volcanic plugs composed of tephrite and phonolite are exposed in the
southeastern peninsulas, i.e., the Upper Miocene Series, defined by Weis et al. (1993).
Also, there are numerous gabbroic sills exposed throughout the archipelago (Giret,
1983; Scoates and Giret, 2000), including the Val Gabbro in the southern sea cliffs of
the Jeanne diArc Peninsula.
Because Kerguelen Archipelago basalts are devitrified with low-temperature
alteration minerals in the groundmass, the first challenge in measuring helium
isotopic ratios of Kerguelen lavas is locating samples that contain large olivine and/or
pyroxene phenocrysts. Most basalts of the Kerguelen Archipelago are transitional to
alkalic and relatively evolved (MgO less than five weight percent; Fig. 4). The samples
investigated during the course of this study were recovered during the austral
summers by the French mapping campaigns of the Terres Australes et Antarctiques
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Frangaises (T.A.A.F). Six samples are from the southeast province of the Kerguelen
Archipelago that comprises the Ronarc'h and Jeanne d'Arc Peninsulas (Fig. 1). This
area has one of the greatest densities of mantle and lower crustal xenoliths occurring
on the archipelago (e.g. Mattielli et al., 1996), which indicates that some of the samples
may have xenocrystic and/or cumulate olivine and clinopyroxene. Figure 1 provides
the sample locations and a summary of the dates of the lavas. ARC 117 and ARC 125
come from the middle and base of an extensive section sampled on the south side of
Bastion Mountain and ARC 301 was taken at 440 m above sea level from the nearby
Mt. Rouge (529 m), all located on the Ronarc'h Peninsula. ARC 544 was sampled 40 m
from the base of a 70 m thick section at Mt. Rond in the Ronarc'h Peninsula. Samples
ARC 601 and ARC 603 come from the base of the section exposed at Sourcils Noirs in
the Jeanne d'Arc Peninsula. ARC 682 was sampled from a basanite dike which cross-
cuts the basalts exposed in Ravin Jaune. The remaining four samples are from the
Courbet (OB93-173 at Mt. Crozier) and Loranchet (BY96-80 and BY96-100 at Mt.
Fontaine; BY96-24 at Mt. des Ruches) Peninsulas in the east and north of the
archipelago. The last sample is from a seamount located south of the archipelago and
was sampled during the 1999 Kerimis cruise (Fig. 2; Weis et al., submitted).
Lavas exposed in the southeastern peninsulas have been divided into two
categories by Weis et al. (1993): the Lower Miocene Series (LMS) and the Upper
Miocene Series (UMS). The LMS consists of northward-dipping flows of basalts,
hawaiites and trachytes which are ~24 Ma. Silica undersaturated rocks such as
basanites and evolved phonolites and tephrites have been grouped into the UMS (10-6
Ma). On a diagram of silica versus alkali elements (Fig. 3), the two series fall into two
groups which are primarily alkalic, although the UMS contains much higher amounts
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of Na and K (Weis et al., 1993; Frey et al., 2000).
Sample descriptions
The most common phenocryst assemblage in the samples is olivine +
plagioclase ± clinopyroxene although samples ARC 112 and ARC 544 lack olivine and
have clinopyroxene + orthopyroxene as the most abundant mafic phenocrysts. The
abundance of mafic minerals in the samples correlates well with the whole rock
magnesium and nickel abundances, which are higher than for most of the other
archipelago basalts (Fig. 4). Microprobe results of the samples from the southeastern
peninsulas show that the olivine phenocrysts range in composition from Fo55fi85
although the mantle of one sample is unusually low (Fo20; Fig. 5). ARC 117 and 601
show reverse zoning in the Fe and Mg content of some olivine phenocrysts and nearly
all the analyzed olivines from ARC 603 have reverse compositional zoning (Fig. 5).
The reverse zoning in these phenocrysts indicates that the olivines may have trapped
melt inclusions with more than one chemical and isotopic composition. ARC 682
shows the tightest cluster in olivine composition (Fo79n85; Fig. 5) suggesting that the
helium isotopic component trapped by these phenocrysts would reflect their host
melt; unfortunately, the recovered olivine was unsuitable for helium analysis because
of its small size (less than 300 pm diameter).
Analytical techniques.
The samples were divided into two aliquots for the measurement of 1) major
and trace elements and Sr, Nd and Pb whole rock isotopic ratios on a sample powder,
and 2) 4"Ar / 39Ar geochronology of crushed groundmass and He isotopic analysis
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mineral separates. The first aliquot was crushed and powdered in an agate shatterbox.
Major and trace element abundances were measured by X-Ray Fluorescence (XRF) at
University of Massachusetts, Amherst. Additional trace elements (Sc, Ni, Cr, Ta, Th,
Hf) and rare earth elements were analyzed by neutron activation analysis (NAA) at
MIT. Sr, Nd and Pb isotopic analyses were performed on leached powders (Weis et
al., 1987, 1991) using a VG Sector 54 thermal ionization mass spectrometer at ULB in
Brussels, Belgium.
The second aliquot was refined to less than 1 mm (diameter) grain size using a
disk mill and then sieved in 2-0.8 mm and 0.8-0.3 mm size increments using a
polypropylene mesh. Using a Frantz magnetic separator, the samples were graded
into a pyroxene-olivine rich separate and a plagioclase-groundmass rich separate.
Using the electron microprobe facility at MIT, olivine compositional zoning was
examined in thin section. The low He concentrations in the olivine phenocrysts
required the use of large separates for He analysis, but in practice the separates were
limited by the small size of the hand sample and the paucity of mafic phenocrysts.
Clean olivine, clinopyroxene and orthopyroxene separates of ~50 to 350 mg were
hand-picked using a binocular microscope. In cases where it was difficult to obtain
pristine olivine, particularly for samples ARC 117, 301, 601 and MD109-07 D6 88
whose olivine phenocrysts displayed significant surface alteration including chlorite
and iddingsite, crystals were loaded into an air-abrader and abraded for several hours.
The abrasion process effectively removed adhering matrix material and the surface
alteration, but the dull surface of the grains obscured the interior melt inclusions
making it difficult to target inclusion-rich phenocrysts during the subsequent picking
process. After precise weighing, the olivine and pyroxene separates were leached for
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10 minutes in 4N HNO3 in an ultrasonic bath. Subsequently the samples were rinsed
with distilled water and washed for 20 minutes in acetone in an ultrasonic bath. The
samples were rinsed a final time with acetone, dried and loaded into clean crushers.
The samples were crushed in vacuo to release gases held in melt inclusions and
analyzed by the 900 sector mass spectrometer at the Woods Hole Oceanographic
Institution (e.g., Kurz et al., 1996). Crushing the sample releases gas from fluid and
melt inclusions, whereas melting the crushed sample releases the lattice-bound He.
Three samples (ARC 301, 601, 603) were crushed a second time and then fused to try to
distinguish the magmatic He contribution in the inclusions from the cosmogenic and
radiogenic He that is trapped in the molecular bonds of the crystal (Kurz et al., 1996;
Graham et al., 1987).
Because plagioclase phenocrysts are relatively rare, the remaining non-
magnetic split of crushed sample was handpicked to obtain clean groundmass
separates in the size range 0.8-0.3 mm. These samples were leached and analyzed for
"Ar/ 3"Ar geochronology in the CLAIR facility at MIT (see Nicolaysen et al., 2000 and
references therein for procedure).
Results.
The eleven samples are transitional to moderately alkalic basalts and
trachybasalts (Fig. 3) and one sample is a picro-basalt (after Le Bas et al., 1986). With
one exception, the samples contain 42-48 weight percent silica and have relatively high
MgO contents relative to other archipelago lavas (10.2-20.4 wt. % MgO; Table 1).
Sample OB93-173, on the other hand, is relatively evolved (49.4 wt. % silica; 5.7 wt. %
MgO). Some specimens, notably ARC 117 and ARC 544, contain vesicles filled with
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secondary alteration minerals. Figure 6 provides a quantitative measure of the degree
of alteration affecting these samples. Ba/Rb ratios fall between 10.3 and 13.6 for all the
samples, except BY96-80, ARC 601 and ARC 603 (Ba/Rb=16.7, 21.6 and 21.8
respectively) and most values are reasonably close to the average value (11.3)
proposed for pristine ocean island basalts by Hofmann and White (1983). The K/Rb
samples of the selected samples are relatively low compared to the most altered
samples of the Kerguelen Archipelago, Plateau and Southeast Indian Ridge and the
low K/Rb values suggest the samples are relatively unaltered (Fig. 6). Interestingly,
although the Ba/Rb and K/Rb ratios of ARC 117 indicate a fresh lava, secondary
calcite fills some of its vesicles.
The results of the 4"Ar/ 39Ar geochronology indicate that the sample ages fall
within the previously determined temporal range of Kerguelen Archipelago
volcanism (Table 2; Appendix 1). Figure 7 shows that ARC 301 has an upper Miocene
age (10.3 ± 0.4 Ma) and ARC 682, a basanite dike, has a date of 9.4 ± 0.5 Ma suggesting
that it is a feeder dike of the lavas of the Upper Miocene Series (Weis et al., 1993; Frey
et al., 2000). The remaining samples from the southeastern peninsulas (ARC 544, 603)
give 40Ar/ 3 9Ar inverse isochron ages of 25.0±0.8 and 24.7 0.4 Ma (Fig. 7). ARC 601
comes from 10 m below ARC 603 in the same stratigraphic section suggesting that the
age of ARC 601 is -24 Ma (Fig. 1). ARC 117 was not dated because the presence of
calcite indicated significant alteration in the groundmass. ARC 125 was not dated due
to small sample size and very high proportion of olivine which, most likely, would
have contributed non-radiogenic 40Ar making the chronological interpretation of the
4 Ar/ 39Ar analysis more difficult. The age of the sample from Mt. Crozier on the
Courbet Peninsula is constrained by 4 Ar/ 39Ar inverse isochron dates on samples from
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the top and base of the same stratigraphic section (24.8±0.2 to 24.5±0.3 Ma; Nicolaysen
et al., 2000). Two samples (BY96-80 and BY96-100) from near the top and base of the
Mt. Fontaine section of the Loranchet Peninsula yielded 4 Ar/ 39Ar inverse isochron
ages of 27.9±0.5 Ma and 28.0±1.1 Ma (Fig. 8). An additional sample from the Mt. des
Ruches section of the Loranchet Peninsula yielded a similar 4 Ar/ 39Ar age (27.9±0.7
Ma) as the Mt. Fontaine samples (Fig. 8). The plateau and inverse isochron ages of
each sample, except ARC 682, overlapped within error.
The samples chosen for helium analysis were selected as representative of the
wide range of Sr, Nd and Pb isotopic ratios of Kerguelen Archipelago lavas (Figs. 9,
10), with the exception of the "D" type lavas of Mt. Bureau and Mt. Rabouillere (Yang
et al., 1998). Low 17Sr/ 86Sr, 207Pb/ 204Pb and 2 08Pb/ 21 Pb for a given 206 Pb/ 2"Pb value and
high ENd characterize the "D" type basalts and suggest that some proportion of their
melt compositions were influenced by depleted upper mantle (Yang et al., 1998). The
two helium samples from the Loranchet Peninsula (BY96-80 and BY96-100) are most
similar to the "D" type samples, whereas OB93-173 from Mt. Crozier is nearly at the
opposite end of the isotopic spectrum for Kerguelen Archipelago samples. Although
the Crozier sample is significantly fractionated and has low olivine abundances, its Sr,
Nd and Pb isotopic composition is most similar to the isotopic composition field of the
Kerguelen plume which is defined as having ('7Sr/"Sr)j=0.70515+12, (143Nd/ 1"Nd)i
=0.5129±5 and higher 2 07Pb/ 2"Pb and 20sPb/ 2"Pb for a given 21Pb/ 20Pb than MORB
(Weis et al., 1998; Frey et al., 2000; Damasceno et al., 1997). The Kerimis dredge
sample has Sr and Nd isotopic compositions well within the Kerguelen Archipelago
field (Fig. 9) but its extremely low 21Pb/ 21Pb isotopic composition distinguishes it
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from nearly all the basalts in the southeastern Indian Ocean (Fig. 10). Note that two of
the xenoliths have isotopic compositions which do not plot in the Kerguelen
Archipelago field of 8 Sr/"Sr vs ENd and another plots in the depleted region of the
archipelago field which overlaps with SEIR compositions (Fig. 9).
The previously obtained dates for most Kerguelen Archipelago basalts range
from -6 to 29 Ma, and the samples selected for this study fall within this age range.
Notably, this is one of the few attempts to measure helium isotopic ratios on basalts
that have not erupted recently. The examination of old, subaerial basalts has several
risks. The mafic phenocrysts may not contain sufficient helium concentrations for
analysis if the helium has diffused out of the crystals. Because the basalts were
erupted subaerially, after penetration of -17 km of crust, the melts may have
substantially degassed prior to or during the formation of the mafic phenocrysts.
Additionally, radiogenic ingrowth of 4He and cosmogenic ingrowth of 3He may
obscure the magmatic ratio from direct measurement.
Analyses of the gas fraction released by crushing olivine and pyroxene
separates show that helium isotopic ratios for Kerguelen lavas range from 6.5 to 10.4
R/RA (Table 4). Helium concentrations range over 3 orders of magnitude (Fig. 11)
although the concentrations in the range of 1 e-9 are typical of the low gas
concentrations seen at Heard Island and at some other OIB (Hilton et al., 1995; Moreira
and Sarda, 2000). With the exception of one of the ARC 125 measurements, the olivine
separates from the lavas and xenoliths form a positive trend with increasingly high
3He/ 4He correlated with higher concentration. The three pyroxene analyses from the
lavas tend to have slightly lower 3He/ 4He than the olivine separates which may reflect
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greater 4He radiogenic ingrowth in the pyroxenes.
Duplicate analyses of olivine separates allow evaluation of the reproducibility
of the analytical technique and show that, for ARC 125, there are differences in the
measured isotopic ratios of samples which were air-abraded relative to those which
were not (Fig. 12a). The goal in abrading the olivine splits was to remove groundmass
on the surface of the crystal and to removed an outer layer of the olivine which may
have contained 4He implanted from U-Th decay in the adjacent matrix. Two splits
were crushed gently to produce large fragments with clean facets and one of these
splits (ARC-125-2) yielded an 3He/ 4He of 10.3±0.1 R/RA which is higher than that
obtained for the other fragmented split (ARC 125-1 = 9.5±0.3 R/RA; Table 4; Fig. 12a)
although these values overlap at the 3 a confidence limit. The analysis of ARC 125-1
may reflect that some radiogenic 4He affects the measured ratio (Table 5) which will be
discussed at length in the subsequent section on the evaluation of cosmogenic and
radiogenic He production. The air-abraded split that was rinsed in acetone yielded a
helium isotopic ratio which overlapped within error (9.8±0.1 R/RA) with ARC 125-1.
The second air-abraded split was rinsed with mild nitric after abrasion and the low
3He/ 4He measured for this sample (8.8±0.1; Table 4) suggests that either the sample
was insufficiently abraded and/or that the acid did not effectively remove the abraded
dust from the grain surface in spite of the ultrasonic bath used during the cleaning
process. Alternatively, the olivines of this sample may have heterogeneous
distribution of helium within them. This series of experiments indicates that fresh
fractured surfaces are preferable to abraded surfaces; nonetheless, sample size
limitations forced the use of the air-abrasion technique for other samples (Table 4).
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Discussion.
Although the helium isotopic ratios of the Kerguelen lavas do not reach the
high 3He/ 4He observed at Iceland, Hawaii, and Amsterdam-St. Paul Islands, the
samples do provide compelling evidence that the helium isotopic compositions of
some Kerguelen plume melts are higher (up to 10.4 R/RA) than those of mid-ocean
ridge basalts (7-9 R/RA). The large field of Southeast Indian Ridge helium isotopic
compositions (Fig. 11) reflects the influence of the Amsterdam-St. Paul plume ( 14
R/RA; Graham et al., 1999) upon the SEIR basalts.
Evaluation of cosmogenic and radiogenic production of He
Several studies have demonstrated that fluid and melt inclusions in mineral
separates retain the magmatic helium isotopic signature of the parental melt and that
this component of the gas is released primarily by crushing under vacuum (Kurz,
1986a,b; Cerling and Craig, 1994). In contrast, fusion of the crushed powders may
reveal 3He/ 4He out of isotopic equilibrium with the data from the crushed inclusions.
In some cases, the fused powders have higher 3He/ 4He ratios which have been
interpreted as an indication of the addition of 3He by cosmogenic spallation reactions
(e.g. Kurz, 1986a,b; Cerling and Craig, 1994). In other cases, the fused powder may
release gas high in helium concentration that has anomalous low 3He/ 4He ratios.
High helium concentration and low 3He/ 4He isotopic ratio in the fused powder has
been interpreted to reflect radiogenic 4He ingrowth (e.g., Graham et al., 1988).
Analyses of lava flows from Hawaii demonstrate that cosmogenic rays create
significant amounts of 3He at depths up to 3 m below the flow surface (Kurz, 1986b;
Kurz et al., 1990). The amount of cosmogenic He produced depends on the altitude,
latitude and surface slope of the samples (Kurz, 1986a; Lal, 1991; Cerling and Craig,
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1994; Stone, 1999; Dunai, 2000). The production of 3He by cosmogenic spallation
reactions should be negligible for the lavas of this study because the samples were
taken stratigraphically from steep-sided valley walls, and typically more than 30 m of
lava, sometimes with interbedded conglomerates, overlay the sampled flows (H.
Leyrit, personal communication). In every case the collected samples were as fresh as
possible. Additionally, Hall (1990) has demonstrated that the glacial valleys were
formed as recently as 10 to 12 thousand years ago which is a relatively short exposure
time relative to the age of the samples (10-25 myr). Assuming 100% exposure since
12,000 years B.P. (before present) and using the 3He cosmogenic production rate (-120
atoms/g . y) of (Cerling and Craig, 1994; Dunai and Wijbrans, 2000), approximately
1.44x106 atoms/g of 3He would be produced. This amount of cosmogenic helium is
equivalent to -10-19 [3He] cc/g at standard temperature and pressure which is four
orders of magnitude smaller than the measured [3He]. Thus there is a negligible effect
on the 3He/ 4He. Additionally, none of the fused, Kerguelen sample powders released
3He/ 4He higher than the ratios obtained from the crushing results suggesting that the
mineral lattices contained insignificant amounts of cosmogenic He (Table 4).
In contrast, the fused powders released gas with helium concentrations
significantly higher than for the inclusions, and the fusion experiments reveal low
3 He/ 4 He ratios (Table 4). Significant radiogenic production of 4He is easily reconciled
with the age of the lavas and with their alkalic compositions, which are associated
with relatively high concentrations of Th and U. For example, Southeast Indian Ridge
MORB contain less than 1 ppm Th and Kerguelen Archipelago lavas have 2-7 ppm
(Table 1). Uranium and Th, the radioactive isotopes whose alpha decay yields 4He, are
preferentially incorporated into clinopyroxene relative to olivine and orthopyroxene
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(Kennedy et al., 1993; Beattie, 1993a,b) which may account for the slightly lower
isotopic ratios of the pyroxene separates (Fig. 11).
Two methods were used in an effort to constrain the effect of radiogenic 4He
upon the measured crush ratios. First, several of the splits were crushed a second time
and then fused to release the primarily lattice-bound radiogenic 4He (Fig. 12, Table 4).
Figures 12b shows the results of the first and second crushing experiments and figure
12c shows the data from the fusion experiments. In every case, the helium isotopic
ratios are lower in the second crush and fused split than in the first crush experiment,
which liberates helium trapped primarily in melt inclusions. The second crush results
have the lowest concentrations of He, probably because most of the melt inclusions
have ruptured previously and the lattice-bound He is not yet freely sampled. The
high 4He concentrations and low 3He/ 4He of the fusion experiments demonstrate that
both olivine and pyroxene phenocrysts contain a significant radiogenic component.
Figure 12b shows that lines regressed through the first and second crush experiments,
containing the lowest radiogenic component, yield intercepts (yi) which are similar to
the measured ratios of the first crush experiment (Table 5). Similarly, figure 12c
displays lines regressed through the first crush and fusion data. The results from ARC
125-2, which has the highest measured 3He/ 4He of the studied samples (10.4 R/RA),
are particularly robust because the low slope of the regressed line and the high
3He/ 4He of the second crush indicate very low amounts of radiogenic 4He.
Additionally, the y-intercepts of ARC 125-1 and ARC 125-2 are identical to the
measured ratio of ARC 125-2 suggesting that the olivine split of ARC 125-1 had a
radiogenic contribution even in the crush data. ARC 603, which has a 3He/ 4He of 10.2
R/RA, also contains an abundance of reversely-zoned olivine crystals (Fig. 4). The
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reverse zoning and high forsterite content of the phenocrysts indicate recharge of a
less fractionated magma. This less fractionated, high 3He/ 4He melt is more likely to
represent the plume source than ARC 117, for example, which has evolved
significantly (olivine rims Fo60 -20, Fig. 4) and has relatively low 3He/ 4He.
The second method used to determine the effect of radiogenic 4He production
involved a calculation based on the measured 40Ar/ 39Ar ages of the samples and their
measured whole rock Th concentrations. The concentrations of U were estimated
using a Th/U ratio of 3.5; however, this approximation may differ significantly from
the actual U content. For example, OB93-173 has a measured U abundance of 2.5 ppm
but the U abundance calculated from the Th/U ratio is 1.84 ppm. Unfortunately, Th
abundances are not available for sample BY96-80. Use of the K20 abundance, K/U
and Th/U ratio to estimate the actinide abundances for this sample seems ill-advised
because this method did not successfully reproduce the measured Th abundances in
the other samples.
Using the partition coefficient described in Table 5, the Th and U abundances
for each mineral type were calculated. The calculation of 3He/ 4 Hec, corrected for
radiogenic ingrowth was particularly successful at reconciling the helium isotopic
ratios of orthopyroxene and olivine. The calculated helium isotopic ratios of the
clinopyroxene split of ARC 544 yields a negative number for ARC 544, which may
reflect the high degree of alteration in this sample. Alternatively, a range of corrected
values for ARC 544 is shown in Table 5, because of the large variation in
clinopyroxene-melt partition coefficients (e.g. LaTourrette and Burnett, 1992; Beattie,
1993a,b). The actinide partition coefficients for clinopyroxene are particularly
dependent on composition. The compositional dependence of the partition
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coefficients may also explain why the corrected helium isotopic ratio for ARC 603
clinopyroxene is more than 2 R/RA units higher than the corrected olivine and
orthopyroxene helium isotopic ratios (Table 5). The calculations for two olivine
samples (ARC 125-1 and OB93-173) yielded unreasonably high corrected 3He/ 4He
compared to the other data. OB93-173, a very small separate, released little gas upon
crushing which is reflected in the large error on the measured 3He/ 4He ratio (Table 4).
It is possible that the measured [4He] concentration is inaccurate, leading to the
erroneously high corrected helium isotopic value. Alternatively, the discrepancy may
arise because these calculated ratios do not account for implantation of 4He due to
decay of U or Th in the groundmass adjacent to the phenocrysts. The high corrected
ratio for ARC 125-1 seems strange because the corrected value for ARC 125-2 is nearly
identical to the measured value for ARC 125-2 and to the y-intercepts for both
samples. It is possible that a heterogeneous distribution of helium within this olivine
population may account for the discrepancies.
In summary, both the methods used to correct for radiogenic helium
production suggest internally consistent helium isotopic ratios of 10.4 and ~10.5 R/RA
for ARC 125 and ARC 603 (olivine and orthopyroxene data). Furthermore, the
corrected 3He/ 4He values are similar to the measured values implying that the
intermediate (higher than MORB, lower than high 3He/ 4He OIB) helium isotopic ratios
for the Kerguelen lavas are robust. The calculated 3He/ 4He ratios for five of the nine
analyzed samples (ARC 117, ARC 125, ARC 301, ARC 601, ARC 603) suggest that the
magmatic helium isotopic composition for these lavas is between 10 and 12.7 R/RA.
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Comparison between Kerguelen Archipelago basalts and xenoliths
Helium isotopic analyses of the Kerguelen xenolith suites have been interpreted
to show that melt transport and assimilation may substantially affect the helium
isotopic ratios of the xenolith olivines and pyroxenes (Vance et al., 1989; Valbracht et
al., 1996). The xenolith lithologies include harzburgite, lherzolite, wehrlitic dunite and
mafic granulite (Gregoire et al., 1994; Hassler and Shimizu, 1998; Mattielli et al., 1999).
The trace element and Sr, Nd, Pb and Os isotopic compositions of the xenoliths
indicate that some of the depleted harzburgites have been re-enriched by
metasomatism (Mattielli et al., 1999) and that some harzburgites and dunites represent
a component of subcontinental lithosphere (Hassler and Shimizu, 1998; Mattielli et al.,
1999). Helium isotopic analyses on pyroxenes from a dunite, gabbro (both from
Jeanne d'Arc Peninsula) and harzburgite (Loranchet Peninsula) yield low 3He/ 4He
(5.3-7.0 R/RA; Vance et al., 1989). Analyses of olivine separates from two harzburgites
(Jeanne dfArc Peninsula) have 3He/ 4He of 11.1 and 12.3 R/RA whereas olivine from a
dunite yield 9.5 R/RA (Valbracht et al., 1996). Mattielli et al. (1999) observed that
clinopyroxenes from the same two harzburgites analyzed by Valbracht et al. (1996)
showed light rare earth enrichment and Schiano et al. (1994) found numerous silicic
and carbonatitic melt inclusions in the xenoliths, all of which suggests that these
samples were exposed to melt metasomatism. Unfortunately neither geochronologic
nor trace element information is available for the samples analyzed by Vance et al.
(1989). The low 3He/ 4He of these samples was attributed to metasomatism of fluids by
the authors, but it is equally possible that considerable radiogenic 4He has
accumulated in the analyzed pyroxenes. Additionally, the harzburgite of the Vance et
al. (1989) has Sr and Nd isotopic ratios offset toward SEIR MORB (Fig. 9), suggesting
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that this sample may represent a depleted upper mantle assemblage which formed
when the mid-ocean ridge was proximal to the archipelago; in this case, the low
3He/ 4He is expected.
The measured 3He/ 4He ratios for the archipelago basalts with the olivine
xenolith data show a correlative trend between helium isotopic ratio and
concentration (Fig. 11). Corrected 3He/ 4He ratios for five of the nine analyzed
archipelago samples (ARC 117, ARC 125, ARC 301, ARC 601, ARC 603; 10 and 12.7
R/RA) match the range of the measured helium isotopic compositions of the olivine in
the harzburgites (Valbracht et al., 1996). The clinopyroxene data from the xenoliths
are much lower in 3He / 4He and higher helium concentrations than the lava pyroxenes.
Given the substantial radiogenic correction of the lava pyroxene data, and the
assumption that the clinopyroxenes may have accumulated radiogenic 3He/ 4He both
during residence in the lithosphere and after eruption, I suggest that the low 3He/ 4He
ratios of the xenolith clinopyroxene reflect radiogenic ingrowth.
Comparison with Southeast Indian Ridge and Heard Island basalts
Southeast Indian Ridge basalts sampled between 77-88'E plot at low 8'Sr/ 86Sr
and high ENd compared to the lavas from the Kerguelen Archipelago and Heard
Island and the helium isotopic ratios from these basalts shows quite a large range (7.5 -
14.1 R/RA; Graham et al., 1999). Two SEIR fractionated basalts have unusually low
ratios (1.1-1.4 R/RA) which Graham et al. (1999) interpret to reflect significant gas loss
during fractionation and contamination so these samples are not plotted in the data
field of Fig. 13. The large range in Sr, Nd, Pb and He isotopic composition shown by
the SEIR basalts has been linked to the influence of the Amsterdam-St. Paul hotspot
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upon several ridge segments (Graham et al., 1999; Johnson et al., 2000; Chapter 4). The
compositions of normal mid-ocean ridge basalts (NMORB) is indicated by a smaller
field and the high 3He/ 4He isotopic compositions of the Amsterdam-St. Paul (ASP)
endmember are indicated by arrows in Fig. 13. Strikingly the SEIR basalts influenced
by the hotspot have helium isotopic compositions up to 14.3 R/RA, well outside the
normal range of MORB helium isotopic compositions (7-9 R/RA). Some enriched SEIR
MORB have high 87Sr/ 86Sr, low ENd and helium isotopic compositions (~10-10.4 R/RA)
intermediate to NMORB and ASP-influenced lavas (Fig. 13). The Sr, Nd, Pb isotopic
compositions of these lavas indicate that Kerguelen-like mantle is partially a source for
their parent melts (Dosso et al., 1988; Chapter 4, this volume). The helium isotopic
ratios for the Kerguelen influenced MORB are the same as the highest helium
measurements on the Kerguelen Archipelago lavas (10.2-10.4 R/RA). A basalt from an
off-axis seamount located on the Amsterdam-St. Paul plateau has the strongest
Kerguelen signature in Sr, Nd and Pb isotopes (Chapter 4, this volume) but it has a
higher 3He component (13.4 R/RA) than seen in the archipelago lavas. The helium
isotopic composition of this sample may reflect a contribution from the proximal high
3He/ 4He Amsterdam-St. Paul hotspot, so this sample provides questionable evidence
that the Kerguelen plume has 3He/ 4He higher than 10.4 R/RA-
Heard Island, located 440 km south of the Kerguelen Archipelago on central
Kerguelen Plateau basement (Figs. 1, 2), consists of lavas from Eocene to Holocene in
age and historic eruptions have been reported. The Pleistocene-Holocene lavas range
from basanite to alkali basalt to trachyte in composition and have been divided into
two groups, the Big Ben Series and the Laurens Peninsula Series (Barling et al., 1994).
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In general, the Sr, Nd and Pb isotopic signature of Heard Island lavas overlaps with
the compositions of Kerguelen Archipelago basalts (Figs. 9, 10) suggesting that the
Heard lavas are also related to the Kerguelen plume source. In detail, the Laurens
Peninsula Series (LPS) has lower 87Sr/ 86Sr and higher Nd and higher Pb isotopic ratios
(Fig. 13) than the Big Ben Series (BBS). High 3 He/ 4He characterizes the LPS series
(16.2-18.3 R/RA) whereas the BBS has 3He/ 4He (3.0-8.4 R/RA; Hilton et al., 1995).
Hilton et al. (1995) suggest that the samples with low 3He/ 4He have been affected by
shallow contamination, perhaps by crustal fluids carrying radiogenic 4He. The high
3He/ 4He lavas seem clearly related to a high 4He hotspot source and the Sr, Nd and Pb
isotopes suggest that Kerguelen is this hotspot source (Figs. 9, 10, 13).
In Sr, Nd, Pb and He isotopic composition, Kerguelen olivine separates, from
both xenoliths and lavas, fall between the two Heard lava series with some overlap
with the BBS field (Fig. 13). BY96-80 of the Kerguelen Archipelago has a Sr, Nd and Pb
isotopic composition which overlaps with the Heard LPS series (Figs. 9, 10). In spite of
relatively large error, this sample's helium isotopic composition is significantly lower
than the LPS lavas, contradicting the apparent correlation between Sr, Nd and He
isotopic ratios (Fig. 13). Sample OB93-173 was chosen for this study specifically
because its Sr and Nd isotopic ratios are characteristic of the Kerguelen plume (Weis et
al., 1997) yet the sample has a helium isotopic ratio (8.0 R/RA, Table 4) which overlaps
with MORB.
Breddam et al. (2000) found that helium isotopic ratios in Icelandic basalts
correlated poorly with Sr, Nd and Pb isotopic compositions but the helium
compositions correlate well with highly incompatible trace element ratios such as
Nb/Th. Furthermore, the authors suggested that the correlation of the helium ratio
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with the incompatible trace element ratios and with gravity and seismic data tracked
the location of the Iceland plume beneath the island. In contrast, the Kerguelen
Archipelago data do not show a correlation between 3He/ 4He and La/Nb, Nb/Th and
chondrite-normalized La/Ce (Figs. 14, 15). Unfortunately this comparison is
hampered by incomplete trace element data sets, but there does seem to be a
correlation between 3He/ 4He and La/Nb and (La/Ce)n for the SEIR data set (Figs. 14,
15) caused by the high 3He/ 4He lavas related to the Amsterdam-St. Paul hotspot. The
high helium for the SEIR ridge segments coincides with the gravity anomaly and with
other isotopic ratios associated with the Amsterdam-St. Paul hotspot and Graham et
al. (1999) and Nicolaysen (Chapter 4, this volume) attribute this to the position of the
Amsterdam St. Paul plume near the ridge. The Heard lavas appear to have 3He/ 4He
correlated with La/Nb and Nb/Th which suggests, following the reasoning of
Breddam et al. (2000) and Graham et al. (1999), that the Kerguelen plume was beneath
the Laurens Peninsula during the Holocene eruption of these lavas. Helium isotopic
ratios have yet to be measured for the older (Eocene) dikes on Heard, so the location of
the plume during the Miocene and Oligocene is still unclear. Figure 16a shows the
helium isotopic compositions of Kerguelen Archipelago and Heard Island lavas and
xenoliths plotted relative to time. If only the highest 3He/ 4He samples from the -25
Ma basalts are considered, there appears to be a decrease in the 3He/ 4He of the
archipelago lavas with time (Fig. 16a). This observation is tenuous because it may
reflect a sampling bias as suggested by the correlation between the greatest density of
samples for a given time span with the greatest range in 3He/ 4He (e.g., -25 Ma basalts
of the southeast peninsulas, Fig. 16a). Alternatively the decrease in 3He/ 4He may be
explained by greater cosmogenic ingrowth in the older samples and less 3He
153
production in the younger samples. However, all of the samples should have been
exposed by glaciation at roughly the same time, which is not consistent with a time-
helium isotopic ratio correlation. When the radiogenic-corrected 3He/ 4He are plotted
relative to sample age, the correlation essentially disappears because most of the
samples have 3He/ 4 Hec between 10 and 12 R/RA (Fig. 16b). If the decrease in 3He/ 4 He
with time is valid, it may be that the helium contribution from the Kerguelen plume to
archipelago lavas has decreased because movement of the Antarctic plate has severed
the Kerguelen Archipelago from the plume, resulting in the current location of the
plume beneath Heard Island. A chain of seamounts between Heard Island and
Kerguelen may represent the Cenozoic hotspot track of the Kerguelen plume (Weis et
al., submitted) which supports the proposal that the plume is currently beneath Heard
but was beneath the Kerguelen Archipelago in the Oligocene.
Source of the 3He/'He signature of Kerguelen Archipelago lavas
Based on the results of this study, Cenozoic lavas erupted on the Kerguelen
Archipelago have moderately high 3He/ 4He (-10 to 12.7 R/RA). That is, these values
are distinctly higher than for mid-ocean ridge basalts not affected by a hotspot (Figs.
17a, b). Also, Kerguelen Archipelago basalts have lower helium isotopic compositions
than for many OIB (Hawaii, Galpagos, Iceland). Consideration of the archipelago data
with Heard Island data yields a larger observed range (-3-12.7; 16.2-18.3 R/RA)'
Several possible interpretations of this intermediate signature include: 1) radiogenic
ingrowth of 'He; 2) the center of the plume was located under Heard Island; 3) the
archipelago melts assimilated low 3He/ 4He lithospheric material represented by the
clinopyroxene data from the harzburgites; 4) the olivines and pyroxenes in the basalts
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are cumulate crystals or xenocrysts which do not reflect the melts ratios, 5) the
intermediate range of helium isotopic composition reflects the mantle source
characteristics, 6) the Heard-Kerguelen Archipelago trend from low 3He/ 4He and
high 87Sr/ 86Sr to intermediate helium and intermediate 87Sr/"6Sr may reflect mixing of
two isotopically distinct types of material in the mantle (Fig. 17).
Using independently measured 40Ar/ 39Ar dates, I have attempted to correct for
the effect of 4He production with two different methods. The results are higher than
and overlap with the measured data but do not approach the values of high 3He/ 4He
lavas found at Iceland, Loihi, and the Galapagos Islands (Fig. 17). The second possible
interpretation, that the high 3He/ 4He signature of the LPS lavas on Heard Island
signify that the Kerguelen plume has been located beneath Heard since the
Pleistocene-Holocene and possibly prior to this time. However, there are presently
active fumaroles and a Holocene caldera complex (J.-Y. Cottin, personal
communication) on the Kerguelen Archipelago suggesting an active magma source
exists today. It seems unlikely that the current diameter of the Kerguelen plume is
-400-500 km given the lack of uniformly high gravity beneath and-between the islands
(Fig. 2). A problem with the proposed hotspot track between the northern Kerguelen
Plateau and Heard Island is that the required motion vector is inconsistent with the
motion of the Antarctic plate. Currently, the Antarctic plate is nearly stationary and
the vector of its motion over the last 40 myr should be southwest (Conder et al., 2000)
which is orthogonal to the southeast trend of the seamounts. This may indicate that
the plume itself has moved to the southeast. Although Duncan and Richards (1991)
conclude that mantle plumes are relatively stationary, they suggest that plumes may
wander as much as 5 mm/yr. A simple calculation shows that the Kerguelen plume
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may have moved, independently of plate migration, up to 125 km in the last 25 million
years, a smaller distance than the 400 km between Heard Island and the Kerguelen
Archipelago.
Weis et al. (1998) and Frey et al. (2000) discussed the presence of volumetrically
small, evolved lavas in the southeast peninsulas and attributed the trend from
transitional to highly alkalic lavas with decreasing age to reflect a decrease in magma
flux from the plume. Additionally, the crust of the Kerguelen Archipelago is roughly
two to three times the thickness of oceanic crust (15-19 km; Charvis et al., 1995). The
melts of the Kerguelen plume traverse an increasingly thick lithosphere with time and
this provides an opportunity to affect helium concentrations and ratios due to
fractionation and assimilation. Additionally the assimilation of material from
cumulates, formed when the Southeast Indian Ridge was closer to the archipelago
(e.g., Yang et al., 1998) with a depleted 3He signature would lower the 3He/ 4He of the
melts as they pass. The thickness of the crust beneath Heard Island is also substantial,
so the high 3He/ 4He and the high 4He concentrations of the Laurens Peninsula Series
must indicate either that the plume is located beneath Heard Island and that the
crustal plumbing system allowed the LPS magmas to pass rapidly to the surface.
Figure 17 shows that the helium isotopic characteristics of Kerguelen lavas are
similar to other hotspots with Sr, Nd, and Pb isotopic signatures of enriched mantle.
In helium and strontium isotopic space, the Kerguelen-Heard array parallels the
Samoan array with high 3He/ 4He ratios in the direction of Loihi seamount. It is
possible that the low 3He/ 4He ratios of the Heard BBS series represent subducted
sediments in the source region. Combination of these sediments with melts from a
high helium mantle domain perhaps similar to the one documented at Loihi could
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produce the Kerguelen-Heard array.
A final interpretation of the isotopic data is that the Heard Island basalts and
Kerguelen Archipelago basalts may indicate a correlation between helium and
strontium isotopic ratios. Examination of the helium, strontium, and lead isotopic
data for the Kerguelen plume, in comparison to other ocean island basalts (OIB),
suggests that Cenozoic Kerguelen basalts are similar to OIB identified as having an
EM source (Fig. 17). If both Heard lavas series and the archipelago basalts are
considered together in strontium-helium isotopic space, these lavas form a trend
subparallel to the trend of Samoan lavas (Fig. 17a, Chapter 4). The Samoan and
Kerguelen trends are unlike either NMORB trends or Iceland, Galapagos, and
Hawaiian trends, which suggests that the strontium and helium isotopic heterogeneity
of Kerguelen and Samoa may result from either similar processes or additions to the
source region. The He-Sr Samoan trend may reflect mixing between a FOZO or C
endmember (lower mantle) and an EM II endmember (Hart et al., 1992; Hanan and
Graham, 1996). If a parallel interpretation is valid, then the Kerguelen-Heard trend
would reflect mixing between a FOZO or C component and a mixture of EM I and EM
II. Thus the low 3He/ 4He isotopic ratios of Samoan and Kerguelen basalts with high
87 r/ 8 6Sr may reflect the intrinsic helium isotopic compositions of EM material,
traditionally inferred to reflect subducted sediment.
Conclusions.
This work demonstrates the possibility of measuring helium isotopes on basalts
greater that a few million years in age. New olivine and pyroxene analyses from
Kerguelen Archipelago lavas suggest that the Kerguelen plume has a 3He/ 4He
signature higher than mid-ocean ridge basalts and lower than other high 3He/ 4He
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plume systems (Hawaii, Galapagos Islands), and these analyses suggest that the
helium isotopic signature remains relatively constant over -18 million years (Fig. 16).
Harzburgite xenoliths from the archipelago have been shown previously to have
relatively high 3He/ 4He ( 12 R/RA; Valbracht et al., 1995) although dunite xenoliths
have 3He/ 4He closer to 5-9.5 R/RA (Vance et al., 1989; Valbracht et al., 1995). Upon
correction for radiogenic ingrowth and comparison to Sr, Nd, and Pb isotopic ratios,
the 3He/ 4He isotopic compositions of Kerguelen Archipelago basalts lie on a trend
between the two Heard Island lava series. The correlation between Sr, Nd, Pb, and He
isotopic ratios suggests that the intermediate signature of Cenozoic Kerguelen and
Heard lavas reflects mantle source compositions which may represent a mixture of
recycled sediments or lithosphere (EM mantle component) with a high 3He/ 4He
mantle domain (e.g., FOZO or C).
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Table 1: Major and trace element abundances measured by XRF and INAA
Sample ARC 117 ARC 125 ARC 301 ARC 544 ARC 601 ARC 603
Location Ronarc'h Ronarc'h SE Ronarc'h Jeanne d'Arc Jeanne d'Arc
Si0 2 47.74 42.19 44.32 45.15 47.22 47.41
Ti0 2
A1203
Fe203*
MnO
MgO
CaO
Na20
Na 20 - INAA
K20
P20s5
LOI
Total
(XRF)
Nb
Zr
Sr (Rh)
Zn
Ni
Cr
V
Ce
Ba
La
Y
Rb
Th
Pb
Ga
(NAA)
2.25
11.82
12.55
0.17
11.6
10.2
2.35
2.34
1.09
0.32
100.09
26
166
111
311
47
279
21
20
24
2
18
1.72
7.82
15.48
0.21
20.4
6.88
1.35
0.64
0.23
3.42
100.3
19.2
122
220
118
512
471
159
36
178
24
14.9
17.2
3
1
12
3.72
11.75
12.9
0.17
10.66
10.25
3.53
3.4
1.52
0.85
99.67
72.7
385
959
117
252
461
227
125
929
75
25.7
67.7
7
5
19
2.14
10.68
13.12
0.24
13.34
9.1
2.03
1.78
0.85
0.27
2.94
99.86
24.8
153
332
109
324
590
212
39
259
36
48.5
21.2
3
3
16
2.44
12.06
12.66
0.17
11.37
10.65
2.2
2.25
0.86
0.3
99.93
23.5
162
347
104
291
565
243
41
242
22
21.4
11.2
3
2
18
2.4
11.89
12.7
0.18
11.85
10.46
2.11
2.16
0.84
0.29
100.13
22.9
156
344
106
307
548
238
45
238
28
21.9
10.9
3
2
18
20
44.5
23.1
5.23
1.75
0.72
1.85
0.26
3.72
2.39
1.19
623
65
31.6
0.7
8.1
8.1
4.1
467
56.4
23.7
Selected major and trace elements were determined by X-Ray Fluorescence (XRF) at the University of
Massachusetts. The major element data are the averages of duplicate measurements of glass disks fluxed with
LiB4. The Neutron Activation Analyses (NAA) for rare earth and high field strength elements were
performed at MIT using standard laboratory procedure.
LTm
Table 2: Summary of 40Ar / 39Ar geochronology for olivine-rich Kerguelen Archipelago lavas
Plateau age Isochron age Cumulative
Sample Peninsula Locality (Ma) 39Ar, (%) (Ma) %39Ar ("Ar/36Ar)i MSWD
ARC 301 Ronarc'h Mt. Rouge 10.32±0.34 65.2 10.32±0.38 83.2 280±13 1.62
ARC 544 Ronarc'h Mt. Rond 25.62±0.42 68.8 25.05±0.78 68.8 2980±8060 0.25
ARC 603 Jeanne d'Arc Sourcils Noirs 24.67±0.41 92.6 24.78±0.61 65.7 209±17 0.72
ARC 682 Jeanne d'Arc Ravin Jaune - - 9.41 ±0.46 52.1 233±20 2.05
BY 96-24 Loranchet Mt. des Ruches 27.95±0.66 100 28.27±0.92 91.1 284±24 1.98
BY96-80 Loranchet Mt. Fontaine 27.92±0.48 97.5 28.23±0.69 100 268±13 1.86
BY96-100 Loranchet Mt. Fontaine 27.4±1.0 91.1 28.0±1.1 100 260±10 1.55
The plateau ages are defined by at least three consecutive heating steps which overlap within the 2 a uncertainties and the
plateau includes at least 50% of the total 39Ar released (Fleck et al., 1977). All uncertainties are reported at the 2 a5 confidence
limit and the isochron dates are used for the eruption ages discussed in the text.
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Table 3: Sr, Nd and Pb isotopic results from leached whole rock powders
Sample ARC 117 ARC 125 ARC 301 ARC 544 ARC 601 ARC 603
Location Ronarc'h Ronarc'h Ronarc'h Ronarc'h Jeanne d'Arc Jeanne d'Arc
Age* 25 25 10.3 25.0 24.7 24.7
(17Sr/ 86Sr)m 0.705274 0.705245 0.705466 0.705355 0.705116 0.705102
2 a
(87Sr/ 86Sr),
(206Pb/ 204Pb)m
(207Pb/ 204Pb)m
(20 8Pb/ 204Pb)m
(143Nd/ 14 4Nd)m
2a
(143 Nd /144Nd)i
0.00001
0.70521
18.526
15.58
39.154
0.512633
0.000017
0.512627
0.00001
0.70516
18.475
15.561
39.028
0.51263
0.000011
n.d.
0.000014
0.70544
18.133
15.565
38.842
0.512532
0.000001
0.512530
* This is the age used for the calculation of the initial isotopic ratios
0.00001
0.70529
18.276
15.529
38.908
0.512595
0.000006
0.512589
based on the
0.000009 0.000009
0.70508 0.70507
18.414 18.408
15.562 15.5456
39.015 38.9321
0.512648 0.512646
0.000014 0.00001
0.512642 0.512639
40Ar/ 39Ar geochronology
and the geologic relations of undated samples to those dated. Sr, Nd and Pb isotopic data for samples ARC 682
the Kerimis sample (MD109-7 D6-88) are reported by Frey et al. (2000) and Weis et al. (in preparation),
respectively. Similarly, isotopic data for the Mt. des Ruches and Mt. Fontaine samples are reported by
Doucet et al. (2000).
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Table 4: Results of helium isotopic analyses
Latitude. 3He/'He error
Peninsula Locality Longitude * Sample Phase weight (g) (4He] t (R/RA) (R/Ra)
49*35'S,
Ronarc'h Mt Rouge 70*09'E ARC 117 of 0.09015 0 313 8 71 0 29
of
ARC 117 furnace 0.08239 1 906 1.53 0.08
49*35'S,
Ronarc'h Mt Rouge 70*09'E ARC 125-1 o 0.33 0.340 9.48 0.32
of
ARC 125-1 furnace 0 3189 3.266 1 30 0.05
ARC 125-2 of 0 2879 3 644 10.40 0 06
of - 2nd
ARC 125-2 crush 0.2879 0.058 10.30 1.2
of -a
ARC 125 acetone 0.2064 1 590 9.81 0.12
ol-a
ARC 125 acid 0 2086 0.700 8 83 0 13
49*35'S,
Ronarc'h Mt. Rouge 70*09'E ARC 301 of 0.1983 0.319 7.43 0 17
of - 2nd
ARC 301 crush 0.1983 0.139 4 59 0.54
of
ARC 301 furnace 0.1838 5.330 0 64 0 02
ARC 301 cpx 0.0467 1.104 7.81 0.12
ARC 301 opx 0.0442 0 113 8 18 0 53
opx
ARC 301 furnace 0.03853 2 341 0 586 0 035
49*36'S.
Ronarc'h Mt. Rond 70*16'E ARC 544 cpx 0.1068 0.299 6.53 0 33
cpx
ARC 544 furnace 0.0905 7.601 0.71 0 03
49*40'S,
Jeanne d'Arcsourcils Noir 70*15'E ARC 601 of 0.2376 0.690 9.58 0.19
of - 2nd
ARC 601 crush 0.2376 0.060 9.2 1.4
of-
ARC 601 furnace 02218 7 950 1 317 0.012
49*40'S,
Jeanne d'Arc~ourcils Noir 70*15'E ARC 603 of 0.2169 1.858 10.28 0.10
of - 2nd
ARC 603 crush 0.2169 0.049 1.9 1.6
of
ARC 603 furnace 0.2005 11.400 0 703 0.012
ARC 603 opx 0.0453 0.380 9.64 0.25
opx-2nd
ARC 603 crush 0.0453 0.025 5 6 2 3
ARC 603 cpx-a 0.0971 0 804 7 97 0.14
cpx-2nd
ARC 603 crush 0.0971 0.075 3.63 0.79
cpx
ARC 603 furnace 0 08227 7.689 0.462 0.009
49*15'S,
Courbet Mt. Crozier 69*59'E OB93-173 ol-a 0.04357 0 064 8 2.1
of
OB93-173 furnace 0.03775 4.288 4.10 0.34
48*50'S,
Loranchet Mt. Fontaine 69*08'E BY96-80 ol-a 0.04245 0.041 8.9 4.2
of
BY96-80 furnace 0.03658 1 495 2.29 0.11
51*01'S, MD 109-07
seamount 71*04'E D6 88 of 0.048 0.141 8.83 0.51
Unless otherwise indicated, all helium measurements are the result of crushing experiments in vacuo .
*The field work was completed prior to GPS usage, so the latitude and longitudes are estimated from the
topographic map (T.A A.F), except for the seamount sample which has a measured location.
tHelium concentrations are given in nano cm' STP. Information on the analytical procedure, standards,
blanks and uncertainties are reported in Kurz et al. (1995). Errors on the helium analyses are
expressed at the 1 a confidence limit. a indicates air-abraded sample. The duration of abrasion ranged
from 3-10 hours. 'He/'Hec indicates isotopic ratio corrected for the maximum possible radiogenic
"He ingrowth using measured [Th] of the whole rock, isochron age of sample and an atmospheric ratio of
1.384x10-6. The eruption ages of ARC 117 and ARC 125 were estimated based on the similarity of their
chemistry to nearby Lower Miocence basalts. [U] was calculated assuming a TIVU ratio of 3.5 (Jochum
et al., 1983). The production equation (16) of Andrews (1985) was used to calculate [4He]* in cc/g.
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Table 5: Helium isotopic measurements corrected for radiogenic helium ingrowth
calculated
[U] ppm calculated crush pairs crush-furnace
whole rock for [**He] corrected 3He/'He 'He/ 4He pairs 3He/ 4He measured
sample phase [Th] ppm Th/U=3.5 (cc/g) (R/RA) (R/RA)# (R/RA)t 3He/'He (R/RA)f3
ARC 117 ol 2.7 0.77143 0.45 10.01 9.98 8.71±0.29
ARC 125-1 ol 3 0.85714 0.50 (18.38) 10.4 9.48 ±0.32
ARC 125-2 ol 0.50 10.83 10.4 10.4±.06
ARC 301 ol 8.1 2.31429 0.56 11.35 9.62 7.83 7.43±0.17
ARC 301 cpx 65.39 10.28 7.81±0.12
ARC 301 opx 0.92 12.75 8.51 8.18±0.53
ARC 544 cpx 2.19 0.62571 43.94 (-0.44 to -18.01) 6.73 6.53±0.33
ARC 601 o 2.3 0.65714 0.38 11.02 9.62 10.31 9.58±0.19
ARC 603 of 2.39 0.68286 0.39 10.77 10.51 11.98 10.28±0.10
ARC 603 opx 0.65 10.45 9.92 9.64±0.25
ARC 603 cpx 46.27 13.82 8.42 8.7 7.97±0.14
OB93-173 oliv 6.43 1.83714 1.05 (30.53) 8.58 8±2.1
BY96-80 oliv 9.06 8.9±4.2
MD 109-07 D6 88 ol 2 0.57143 0.25 9.66 8.83±0.51
The calculated [4He*] and corrected 3He/'He were derived using equation #16 of Andrews, 1995 and the following
partition coefficients: DePx/mITh=1.3e-3, DcPI'"h U=0.9e 4 (Beattie, 1993a, b); D**""1" Th=1.1e -;
DOPmeft U=2.3e 4 (Kennedy et al., 1993); Do''" Th=2.1e'4, Dovme" U=1.8e'5 (Kennedy et al., 1993). ol=olivine, cpx=
clinopyroxene, opx=orthopyroxene. #This ratio is the y-intercept of a line regressed through first and second crush
analyses of the same mineral split. tThis ratio is the y-intercept of a line regressed through first crush and fusion
analyses of the same mineral split. B The measured 3He/4He ratio is of the first crush analysis and is interpreted to
reflect most accurately the magmatic helium isotopic ratio of the melt coexisting with the mineral (Kurz, 1986a,b), therefore
these calculations may overcorrect for the radiogenic ingrowth of 4He which should be bound to the lattice.
Parentheses indicatethat the 3He/'He values corrected for radiogenic ingrowth appear unrealistic and are discussed further in the text.
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Figure captions.
Figure 1: Map of the Kerguelen Archipelago showing sample locations and selected
"Ar/ 39Ar and Pb-Pb dates. The inset map shows the location of basalts related
to the Kerguelen igneous province (light gray) relative to the margins of
Australia and East Antarctica (dark gray). The Southeast Indian Ridge is -1200
km northeast of the northern Kerguelen Plateau. The Kerguelen Archipelago is
located on the northern Kerguelen Plateau whereas Heard Island is -400 km
south on the central Kerguelen Plateau. The basalts on the archipelago range
from -30 Ma to 6 Ma (Nicolaysen et al., 2000; Weis et al., 1993) and the new
40Ar/ 39Ar dates reported by this study fall within the observed range. Although
the oldest dated rocks were believed to be gabbros from the Jeanne d'Arc
Peninsula (Val Gabbro, K-Ar 39 Ma), a Pb-Pb date of apatites from this gabbro
is -21 Ma. It may be that the Mt. des Mamelles gabbro has a similar excess
argon problem and its emplacement age may be significantly younger. The
youngest volcanism observed on the archipelago ranges from the 1 million year
old and younger lavas of Mt. Ross (Weis et al., 1998) and a very young caldera
in the southwest (<100 ka; J.-Y. Cottin, personal communication). Dredged
lavas from seamounts located just south of the northern Kerguelen Plateau are
19 million years and younger (Weis et al., submitted).
Figure 2: Satellite gravity map of the Kerguelen Plateau (Sandwell and Smith, 1997).
The Kerguelen Archipelago is located on the northern Kerguelen Plateau,
which is characterized by a significant gravity high and shallow bathymetry.
The northern Kerguelen Plateau is separated from the structurally complex
central and southern Kerguelen Plateaus by a gravity low which represents a
topographic trough. Several circular bathymetric highs, probably representing
seamounts, are located in this trough and sample MD109-07 D6-88 was dredged
from the largest of these. Heard Island is located on the central Kerguelen
Plateau some 440 km from the archipelago. Drill sites from ODP Legs 119 and
120 are indicated by white and black circles. The white circles indicate that
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igneous basement was reached and these are the locations of the Kerguelen
Plateau data plotted for reference in the isotopic diagrams. Site 1140 on the
northern Kerguelen Plateau was drilled during ODP Leg 183.
Figure 3: Alkali silica diagram which distinguishes tholeiitic lavas from alkalic lavas
(Macdonald and Katsura, 1964). Lavas of the Kerguelen Plateau and
Archipelago are predominantly alkalic, as are the lavas of Heard Island. In
contrast, the Southeast Indian Ridge (SEIR) lavas are all tholeiitic. The
archipelago samples and the dredged picritic basalt are transitional to alkalic in
composition. The two most alkalic samples are younger than the transitional
lavas which is one of the points of evidence that Frey et al. (2000) used to infer
that the magma supply is waning with decreasing time. (Kerguelen
Archipelago sources: Weis et al., 1993; Damasceno et al., 1997; Yang et al., 1998;
Frey et al., 2000; B. Kubit, unpublished data; S. Doucet, unpublished data); the
Kerguelen Plateau (Salters et al., 1992); Heard Island (Barling et al., 1994); and
the Southeast Indian Ridge (Douglas Priebe, 1998; K.T.M. Johnson,
unpublished).
Figure 4: Nickel and magnesium oxide variation diagram. The samples chosen for
helium isotopic analysis have high olivine abundances, indicated by the high Ni
and MgO contents that overlap with and extend beyond the fields for the
Kerguelen Archipelago. Data sources as in Fig. 3.
Figure 5: Summary of electron microprobe analyses of olivine phenocrysts. Cores are
generally more forsterite rich except where reverse zoning is indicated by
double bars. Sample 603 contains primarily reversely zoned olivine
phenocrysts suggesting that these may be cumulate crystals or xenocrysts
picked up by the more magnesian host lava prior to eruption.
Figure 6: Ba/Rb and K/Rb quantify the degree of alteration affecting the lavas
because all three elements and particularly Rb are quite mobile. In general, the
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samples chosen for the study appear relatively fresh compared to the suites of
Kerguelen Archipelago, Kerguelen Plateau and Southeast Indian Ridge
samples. Data sources as in Fig. 3.
Figure 7: Age spectra and inverse isochron diagrams for samples from the Jeanne
d'Arc and Ronarc'h Peninsulas. Two of the dated samples yield dates which
place them in the Lower Miocene Series defined by Weis et al. (1993). ARC 301
and ARC 682, a basanite dike, give substantially younger dates, which fall
within the range for the Upper Miocene Series. The plateau and isochron ages
agree within error. The initial 4"Ar/ 36Ar intercepts are lower than the expected
atmospheric ratio (4 0Ar / 3 6Ar=299.03) which indicates that there is significant
excess non-radiogenic 4"Ar in nearly all the samples. This excess component is
probably trapped in the groundmass mafic phases and has been liberated
during fusion of the samples.
Figure 8: Age spectra and inverse isochron diagrams for samples from the Loranchet
Peninsula. These lavas are significantly older than the southeastern samples.
The dates place the eruption of these basalts contemporaneously with the
basalts of Mt. Bureau, Mt. Rabouillere and Mt. de la Tourmente all in the
northern or central portions of the archipelago (Nicolaysen et al., 2000). The
plateau and isochron ages agree within error. As with the southeastern
samples, the initial 4"Ar / 36Ar intercepts are lower than the expected
atmospheric ratio (4 0Ar/ 3 6Ar=299.03) which indicates that there is significant
excess non-radiogenic 4 Ar. The 4 Ar/3Ar ratio of BY96-24 from Mt. des Ruches
overlaps with the atmospheric ratio, which is consistent with the lower
proportion of mafic phenocrysts in this sample compared to the Mt. Fontaine
samples.
Figure 9: Measured ENd relative to 87Sr/ 86Sr ratios show that the samples selected for
He analysis nearly span the range of Kerguelen Archipelago compositions.
Furthermore the samples cluster at the high "Sr/1 6Sr and low ENd end of the
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field which is interpreted to reflect the isotopic composition of undiluted
Kerguelen plume melts. The field for Southeast Indian Ridge normal mid-
ocean ridge basalts (NMORB) is considerably smaller than the entire field that
represents ridge basalts contaminated by material similar to that of the
Amsterdam-St. Paul and Kerguelen plumes (Nicolaysen et al., in preparation).
Data sources are listed in Fig. 3. Additional data sources include Salters et al.
(1992); Hilton et al., (1995); Nicolaysen (Chapter 4, this volume); Weis et al.
(2001).
Figure 10: Measured (a) ENd, (b) 207 204P and (C) 208 204Pb relative to 206 P / 204 Pb.
Most of the samples fall within the Kerguelen Archipelago field but the
dredged picritic basalt is unusual because of its low 2 06Pb/ 204Pb, although lavas
of nearly similar isotopic composition are found at Heard Island. Data sources
as in Fig. 9.
Figure 11: Helium isotopic composition relative to 4He concentrations for Kerguelen
Archipelago lavas and xenoliths (Vance et al., 1989; Valbracht et al., 1995),
Southeast Indian Ridge MORB (Graham et al., 1999) and the Heard Island
Laurens Peninsula Series (LPS) and Big Ben Series (BBS; Hilton et al., 1995). The
Kerguelen lavas and the data for olivine separates from xenolith study of
Valbracht et al. (1995) form a shallowly sloping positive trend which is nearly
parallel but at higher overall 3He/ 4He to the Big Ben Series (BBS) of Heard
Island. In contrast, the Laurens Peninsula Series (LPS) of Heard has the highest
helium isotopic ratios within the vicinity. The high 3 He/ 4 He of the SEIR field
come from EMORB strongly affected by the Amsterdam-St. Paul plume
(Graham et al., 1999). Note that the 1 a error bars are smaller than the sample
size unless otherwise indicated. The drawn fields include the samples and their
error bars.
Figure 12: Helium isotopic composition expressed as R/RA relative to normal and
inverse 4He concentrations for the duplicate analyses (a), for the data from the
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first and second crushes, and for the data from the first crush and furnace
analyses (b) 3He/ 4He plotted vs. the inverse of the 4He concentration. Lines are
regressed through each of the sample pairs in a and b under the assumption
that the second crush and fusion experiments access more of the helium
affected by radiogenic ingrowth of 4He. See text for further discussion.
Figure 13: Helium isotopic ratios plotted relative to (a) 8 Sr/8 Sr, (b) ENd and (c)
20 6Pb/ 2 4Pb. If one considers only the archipelago lavas (dashed field), there
may be a slight positive correlation between ENd and 3He/ 4He and a slight
negative correlation between 2 06Pb/ 2 4Pb and 3He/ 4He. Arrows indicate the
direction of increasing ASP component in the SEIR basalts. Data sources are
listed in Fig. 9.
Figure 14: Incompatible trace element ratios (La/Nb-a, Nb/Th-b) relative to 3He/ 4He.
The field for the Southeast Indian Ridge MORB shows a correlation with
La/Nb, most likely due to the high 3He/ 4He of the enriched MORB influenced
by the Amsterdam-St. Paul (ASP) hotspot. The Heard lavas show a correlation
between both trace element ratios and 3He/ 4He suggesting that the Kerguelen
plume was proximal to the Laurens Peninsula during the eruption of those
lavas in the Pleistocene to Holocene. In contrast, the Kerguelen Archipelago
basalts do not show a trend suggesting that the helium isotopic ratio is
influenced by more than simply the Kerguelen plume.
Figure 15: Chondrite normalized La/Ce relative to 3He/ 4He (a) and 20sPb/ 204Pb (b).
The similarity of the harzburgite olivine data (Valbracht et al., 1995; Mattielli et
al., 1999) to the Kerguelen Archipelago lavas suggests that percolation of
Kerguelen plume melts metasomatised the depleted upper mantle beneath
Kerguelen. Later melts were either buffered from reacting or assimilated low
3He/ 4He mantle and/or lower crustal rock which lowered the 3He/ 4He of the
lavas. C-1 chondrite values are from Sun and McDonough, 1989.
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Figure 16: Plot of 3He/ 4He versus relative age for measured (a) and age-corrected data
(b). The age of the Heard lavas is estimated from geologic relations (Barling et
al., 1994) and the minimum age of the xenoliths is estimated based on the age of
their host basalts (Mattielli et al., 1999). All other geochronologic data are from
this study or Nicolaysen et al., 2000. The measured helium isotopic ratios for
the archipelago samples show a decrease with decreasing age, whereas the
ratios corrected for radiogenic ingrowth do not show a correlation.
Figure 17: 1 7Sr/16Sr vs. 3He/ 4He (a) vs and 2 06Pb/ 204Pb (b) for selected ocean island
basalts (QIB) and MORB. Both measured and age-corrected 3He/ 4He data for
the Kerguelen Archipelago samples are higher than 3He/ 4He ratios of hotspots
with similar Sr, Nd, and Pb isotopic ratios (e.g., Tristan de Cunha, Sao Miguel,
Gough). Also, the complete data set related to the Kerguelen plume (Heard +
Kerguelen Archipelago) trends toward higher 3He/ 4He ratios at relatively lower
8 7 Sr / 8 6Sr. (b) Note that Kerguelen Archipelago lavas have Sr and Pb isotopic
ratios between EMI and EM2 mantle component endmembers (e.g., Zindler and
Hart, 1986) and are similar in isotopic composition for Tristan, Gough and Sao
Miguel. Data sources: Hilton et al., 1995, Vance et al., 1989; Valbracht et al.,
1995; Kurz and Geist, 1999 and references therein. Abbreviations: LPS -
Laurens Peninsula Series, BBS - Big Ben Series, HIMU - high 2 3 8U/ 204Pb (may
represent recycled oceanic crust), DMM - depleted MORB mantle, EMI -
enriched mantle type 1, EM2 - enriched mantle type 2. See text for further
discussion.
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Appendix 1: Raw data for the "Ar/'Ar analyses
Sample Temperature (K) - "Ar/"Ar 'Ar/"Ar "Ar/'Ar "ArK Cumulativ * Age Age Error Age Error
J value, error increment (x10Y) Error (x10 5) "Ar/"Ar Error (moles) e % 'ArK Ar* (Ma) (with J) (w/o J)
Ronarc'h and Jeanne d'Arc Peninsulas
ARC 301 873
1 729e '±3.8e4
Faraday
973
1073
1173
1323
1473
1673
1823
241 13 10632 8.4 1.40E-13 15 5 286 84 1.2 1.2
18129
2887.5
2897.1
2780 2
13063
141.9
20 2
7.4 2 82E-13
115 2.08E-13
9 0 9.75E-14
20)6 1 51E-13
5.5 2.09E-14
3.6 1.43E-15
0.47 3 05E-16
14 6 5930 10.58 813.1 67 7 3.82E-15
15.1 49.00 7207 17061 2484.4 1 00E-14
15.6 0.11 1 09 588.4 11.6 8 20E-15
16 2 0.01 0.54 593.1 11.8 1 33E-14
16.7 001 076 1109.2 300 1 64E-14
17.3 001 0 79 1092.2 37 9 1 53E-14
17.8 001 0.75 1153.8 444 1 68E-14
18.4 0.01 0.56 1174 7 36.4 2 21E-14
18.9 0 02 0.51 1212.7 22 6 7.38E-14
19.5 001 0.47 1219.0 24 4 2 55E-14
200 001 036 1235.0 261 2 62E-14
20 6 0.42 0.66 1198.5 198 2.62E-14
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Appendix I continued
Sample Temperature (K) - "Ar/"Ar "Ar/'Ar "Ar/"Ar "ArK Cumulativ % Age Age Error Age Error
J value, error increment (xl0) Error (x10') "Ar/"Ar Error (moles) e % "ArK "Ar* (Ma) (with J) (w/o J)
BY96-80 773 35.7 20 824 0.54 1.78E-14 2.5 -5 6 -21 2 22.9 22 9
1 729e'±3 8e 923 133 1.2 6700 15 9 26E-14 154 606 280 1.7 16
Faraday 1023 2 8 0.65 1021.4 1 3 2.23E-13 464 91 6 2778 0 84 058
1173 2.7 045 10167 2.7 1.96E-13 736 920 2800 073 041
1273 40 11 966.7 1.8 8.50E-14 855 88.3 283 12 10
1373 62 81 9648 24 6 28E-14 942 81.8 26.2 76 76
1573 13.1 56 865 8 3.1 3.81E-14 995 61 3 220 5.9 5.9
1823 63 16.5 11021 376 3 68E-15 100 813 229 13.7 13.7
773 375 14 236 0.20 5 76E-15
923 248 3 1 417.7 49 3.57E-14
1023 38 48 9014 130 9.95E-14
1173 7.0 58 943.9 6.8 1 27E-13
1273 51 25 9128 4.9 7 99E-14
1373 60 089 9316 39 5.54E-14
1573 11.8 52 921.5 1.8 2.99E-14
1823 328 408 7096 335 3 07E-15
1.3 -10.8 -1487 603 601
9 5 26.8 19.9 6.8 6.8
323 888 304 50 4.9
614 79.4 260 57 56
797 850 288 27 25
924 82.1 2724 122 0.88
99.3 65.1 21.9 5.1 51
100 3.2 14 528 52.8
BY96-100
1.725e4±5 4e-5
Faraday
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Ridge-hotspot interaction in the southern Indian Ocean: Evidence from
Sr, Nd and Pb isotopic compositions of Southeast Indian Ridge basalts
(77-88*E)
Abstract.
Between 36'S and -45 0 S, two volcanic hotspots, Kerguelen and Amsterdam-St.
Paul, affect the physical structure of the Southeast Indian Ridge which is the longest
spreading center in the Indian Ocean. Presently the thickened platform of the
Amsterdam-St. Paul (ASP) hotspot is bisected by the Southeast Indian Ridge and
approximately 40 million years ago the ridge intersected the Kerguelen hotspot.
Lavas derived from the Kerguelen and Amsterdam-St. Paul hotspots have distinctly
higher Sr and Pb isotopic ratios than mid-ocean ridge basalts, and the hotspots
differ in that the Kerguelen basalts have higher Sr and lower Nd and Pb isotopic
composition compared to basalts from the ASP hotspot. New Sr, Nd, and Pb
isotopic data for 46 samples from the Southeast Indian Ridge, nearby islands, and
seamounts in the region of 77-88'E show that the Amsterdam-St. Paul hotspot
("Sr / 86Sr>0.7035, 3 Nd/ 1"Nd<0.5128, 206 Pb/ 2"Pb-19.2, 207 Pb/ 2"Pb~15.62,208 pb/ 204Pb-39.45) influences basalt compositions of three ridge segments located on
the hotspot platform. Additionally, basalts from the ridge segment just north of the
hotspot plateau have isotopic compositions that fall on mixing lines between ASP
and normal mid-ocean ridge basalts suggesting that material from the Amsterdam-
St. Paul hotspot flows northward beneath the ridge. The HIMU-like isotopic and
trace element composition of the ASP hotspot is consistent with partial melting of
recycled oceanic crust in the mantle source. The low La/Nb of the ASP hotspot
basalts suggests that processing during subduction stripped the recycled oceanic
crust of highly incompatible elements such as La. In contrast, some basalts from the
Southeast Indian Ridge have enriched isotopic ratios (8 7Sr/ 86Sr>0.7044,
113Nd/1 4 4Nd<0.51275, 2 6Pb/ 2"Pb-18.1, 2 0 7Pb/ 21 Pb~15.54, 20 8Pb/ 2"Pb~38.6)
characteristic of the Kerguelen hotspot. The distribution of these Kerguelen-
influenced basalts suggests that, during the Cretaceous ascent of the Kerguelen
plume, the plume may have contaminated much of the upper mantle beneath the
eastern Indian Ocean basin. Additionally, the Kerguelen isotopic signature of
basalts from one ridge segment may reflect an active mantle conduit between the
Kerguelen plume and the Southeast Indian Ridge.
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Introduction.
Numerous studies have used geochemical evidence to illuminate the
interaction between mantle plumes and mid-ocean ridges (e.g. Schilling et al., 1985;
Dosso et al., 1999; Douglass et al., 1999). Isotopic ratios are particularly useful for
studying plume-ridge interaction because mid-ocean ridge basalts have lower
8 7Sr/ 86Sr and 20 8Pb/ 2 4Pb at a given 2 0 Pb/ 2 04Pb and higher "'Nd/'Nd than most
ocean island basalts and these isotopic differences reflect compositional differences
and evolution of the mantle sources. Investigations of mid-ocean ridges located
near or centered on hotspot plateaus suggest that hotspot proximal mid-ocean ridge
basalts (MORB) consist of varying proportions of melt from depleted mantle and
plume sources (e.g., Schilling et al., 1985; Taylor et al., 1997). Additionally, mid-
ocean ridge basalts enriched in incompatible elements (EMORB) occur at ridge
segments distant from mantle plumes. Rather than derivation from a deep mantle
plume, these EMORB may reflect shallow geochemical heterogeneities embedded
in the depleted mantle (e.g., Niu et al., 1999).
The Southeast Indian Ridge (SEIR) provides an important example of plume-
ridge interaction because it has intersected two isotopically distinct mantle plumes
within the last 40 million years (Fig. 1). The ridge propagated through and migrated
away from the Kerguelen hotspot ca. 40 Ma (Mutter and Cande, 1983; Tikku and
Cande, 2000) and currently bisects the Amsterdam-St. Paul hotspot plateau (Fig. 2).
This study provides new Sr, Nd and Pb isotopic data for 40 basaltic glasses
recovered from the sparsely sampled Southeast Indian Ridge between 32-43'S and
77-88*E near the Amsterdam-St. Paul hotspot. Three additional samples are from
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the islands of Amsterdam and St. Paul and 3 are from off-axis seamounts in the
study area. These data show that the Amsterdam-St. Paul (ASP) hotspot influences
SEIR basalts for at least 300 km along the length of the ridge, including significant
northward along-axis flow away from the hotspot. Also, the data suggest the
possibility that the Kerguelen plume continues to affect the SEIR in spite of a
distance of more than 1200 km between the hotspot and ridge. Alternative
explanations for the Kerguelen type isotopic signature in the SEIR basalts include:
1) contamination of the depleted upper mantle by the Kerguelen plume prior to the
initiation of the ASP plume or, 2) that the Amsterdam-St. Paul plume is extremely
heterogeneous on a small (~10 km) length scale, carrying much of the range in
isotope compositions seen in ocean island basalts globally. This requires that the
small scale ASP compositional heterogeneity varies systematically with space and
affects the nearby SEIR at the length scale of individual ridge segments.
In addition to addressing local plume-ridge interaction processes, these new
SEIR data provide further information about the source of the Dupal signature of
Indian Ocean MORB. The Dupal signature describes the unique isotopic
composition of Indian and South Atlantic MORB relative to North Atlantic and
Pacific MORB. Indian MORB have higher 8 Sr/16Sr and 2 0 Pb/ 2 14Pb ratios at a given
206 pb/ 204Pb (Dupr6 and Allegre, 1983; Hart, 1984). Some workers have interpreted
the unusual isotopic compositions of Indian Ocean MORB as an indication of
sediment subducted into the Indian Ocean mantle (e.g. Dupre and Allegre, 1983;
Rehkamper and Hofmann, 1997), whereas others have suggested that mantle
plumes, particularly the Kerguelen hotspot, dispersed enriched material
throughout the upper mantle of the Indian Ocean during the early stages of the
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ocean basin evolution (e.g. Storey et al., 1989). An alternative explanation for the
Dupal isotopic composition is that subcontinental lithosphere may have
delaminated into the mantle either during subduction (McKenzie and O'Nions,
1983; Walker et al., 1989) or during flood basalt emplacement (Mahoney et al.,
1995).
Geologic setting.
Spreading along the Southeast Indian Ridge initiated approximately 83
million years ago following -13 million years of crustal extension between East
Antarctica and southern Australia (Cande and Mutter, 1982; Veevers, 1986; Powell
et al., 1988). The earliest identified magnetic anomaly is C34 (-83 Ma; Cande and
Kent, 1995). The initial spreading rate was slow -5 mm/yr (Cande and Mutter,
1982; Mutter et al., 1985) and approximately 40 million years ago, the spreading rate
increased to ~22 mm/yr and the Southeast Indian Ridge intersected and split
Broken Ridge from the Kerguelen Plateau (McKenzie and Sclater, 1971; Tikku and
Cande, 2000). Presently, the SEIR is -1200 km northeast of the Kerguelen Plateau
and stretches from the Macquarie triple junction southeast of Australia to the
Rodrigues triple junction in the central Indian Ocean (Fig. 1). In the region of the
Australian-Antarctic Discordance, the SEIR is extremely fragmented and is at its
deepest point (-4500 m). At present, the full spreading rate is 63 to 65.5 mm/y
near the Amsterdam-St. Paul plateau (Conder et al., 2000) and 70-75 mm/y
southeast of 88'E (Sempere et al., 1997). Because the Antarctic plate is relatively
slow-moving in the hotspot reference frame, the ridge is migrating northeastward
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at a rate of -32 mm/yr (Conder et al., 2000). This study focuses on basalts from 11
ridge segments between 77 and 88'E (Fig 2). These segments are designated F
through L based on the nomenclature of Royer and Schlich (1988) and Conder et al.
(2000)
Between -77 and -79*E, the Southeast Indian Ridge has a prominent U-
shaped bend (concave to the northeast; Fig. 1, 2). This SEIR geometry reflects a
ridge jumps toward the Kerguelen plume shortly after the ridge propagated
through the plateau at -40 Ma (Mller et al., 1998). The western limb of the U-
shaped offset is an area of shallow bathymetry (Fig. 2) called the Amsterdam-St.
Paul plateau (-30,000 km 2). Between segments H and I1, the Amsterdam fracture
zone forms the northern margin of the plateau whereas the southernmost ridge
segment on the plateau (J2) shows a gradual change to greater water depth on the
southern margin (Scheirer et al., 2000). The plateau rises approximately 2 km above
the surrounding seafloor (Fig. 3a) and includes the volcanic islands of St. Paul and
Amsterdam on the Antarctic plate. The islands are -40 km from the closest ridge
segments (Scheirer et al., 2000) and Boomerang Seamount, a currently active
volcanic expression of the ASP plume (Johnson et al., 2000), is merely 25 km away
from I1, the nearest ridge segment (Fig. 1). In the region of the islands, there is a
prominent negative mantle Bouguer gravity anomaly centered to the west of the
ridge indicating increased crustal thickness beneath the ASP plateau (Fig. 9 of
Scheirer et al., 2000). The four ridge segments (I1, 12, J1, J2) located atop the plateau
show en echelon segmentation, oblique spreading and a propagating rift tip to the
south (Conder et al., 2000; Scheirer et al., 2000). Ridge segments I1 and 12 jumped
southwestward toward the ASP hotspot approximately 0.70 and 0.58 million years
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ago respectively (Conder et al., 2000). Scheirer et al. (2000) suggest that the
intersection of the SEIR and the ASP plateau initially occurred between 5 and 3.5
million years ago. Using an inferred crustal thickness of 13 km based on gravity
analysis (Scheirer et al., 2000) and the 30,000 km 2 area of the plateau, the magmatic
flux of the ASP plume has been between 0.05 and 0.1 km 3/y during the last 3.5 myr,
where the lower flux discounts the contribution by normal oceanic crust. For
comparison, the current magmatic flux of the Kerguelen plume is estimated
between 0.009 and 0.42 km3 /y (Nicolaysen et al., 2000).
Previous geochemical studies.
Previous dredging campaigns focused mainly on the region of the SEIR
between the Rodrigues triple junction and the Amsterdam and St. Paul Islands.
Hamelin et al. (1986), Michard et al (1986) and Dosso et al. (1988) all documented
anomalous isotopic compositions of SEIR MORB in the vicinity of the ASP plateau.
Surprisingly, Hamelin et al. (1986) and Dosso et al. (1988) also found SEIR MORB
with high "Sr/ 86Sr ratios more typically associated with the Kerguelen plume than
with the ASP plume. These two earlier samples came from in or just south of the St.
Paul fracture zone in the southern sector of the plateau.
In 1996, the Boomerang 6 expedition of the R/V Melville surveyed and
sampled 1500 km along the length of the Southeast Indian Ridge with the goal of
constraining the degree and lateral extent of the influence of the Amsterdam-St.
Paul and Kerguelen mantle plumes (Fig. 1). Geophysical results from this cruise
have been published by Conder et al. (2000) and Scheirer et al. (2000). Additionally,
Graham et al. (1999) showed that basalts in the area influenced by the ASP plume
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have high 3He/ 4He ratios, >14 RA where RA is the atmospheric ratio. Johnson et al.
(2000) described the morphology and geochemical results from Boomerang
seamount between Amsterdam Island and segment I1. The seamount was
interpreted to be an active expression of the ASP plume.
Based on major element data for more than 300 glasses from 89 dredge and
wax core sites, Douglas-Priebe (1998) defined 126 distinct compositional groups.
The following paragraph summarizes observations and modelling of major
element, trace element and helium isotopic data by Douglas-Priebe (1998), Graham
et al. (1999) and Johnson et al. (2000). In general, the MORB enriched in K, Ti and P
occur on the ASP plateau or at the ridge segment just north of the plateau (Segment
H; Fig. 3b). Potassium-chlorine ratios suggest that some of the ASP basalts have
assimilated a shallow crustal component affected by seawater alteration (Douglas-
Priebe, 1998). Additionally, basalts from ridge segments located on the ASP plateau
have low Mg# and low nickel contents relative to MORB north and south of the
plateau which suggests that the ASP basalts have experienced greater degrees of
low pressure fractionation (Fig. 4). Douglas-Priebe (1998) showed that polybaric
fractionation, starting at -4-6 kb, of a olivine-plagioclase-clinopyroxene assemblage
best explains the major element variations within individual ridge segments, with
the exceptions of Segments H and 12. Although the thickened oceanic crust of the
ASP plateau has caused the melts to experience greater degrees of crystal
fractionation and shallow assimilation, the thick crust neither explains the K/Ti
enrichment of ASP basalts, nor their high 3He/ 4He and incompatible element ratios
(Fig. 3). The thick platform itself provides evidence of significant excess melt
production locally. Based on the major and trace element data and the helium
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isotopic data (Fig. 3, 5f), Douglas-Priebe (1998), Graham et al. (1999) and Johnson et
al. (2000) identified incompatible-element depleted and enriched mantle sources for
the SEIR basalts between 770 and 880 E and inferred the presence of two enriched
mantle sources associated with the Amsterdam-St. Paul and Kerguelen plumes.
This paper presents isotopic data which characterize more fully the mantle sources
of the erupted melts and quantify the end-member interactions.
Sampling and analytical techniques.
Based on the major and trace element and helium isotopic data (Fig. 3, 5f), I
chose forty-three geochemically distinct samples for Sr, Nd and Pb isotopic analysis
(Table 1). These samples come from 35 axial sites from the 11 ridge segments of the
study area. Additional samples include two samples from intra-transform
spreading centers, one glassy sill from St. Paul Island, and three samples from off-
axis seamounts located on the Amsterdam-St. Paul platform (Fig. 2).
For each of the samples, approximately 50 mg of fresh glass fragments were
picked under a binocular microscope in order to avoid altered glass. Glass
fragments were rinsed with methanol, 2 N HCl, and ultra-pure distilled water,
dried and then weighed prior to analysis at the University of Hawaii. Sample
digestion by HF-HNO3, HNO3, and HCl was followed by separation of Pb, Sr, and
Nd by anion and cation exchange columns (see Mahoney and Spencer, 1991 for
analytical technique). Pb concentration data were obtained on a separate aliquot by
isotope dilution. Because the samples are fresh glasses, probably less than 200,000
years old, age corrections were not applied to the measured isotopic ratios.
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LVLK 139, an aphyric basalt, and LVLK 140, an olivine-plagioclase basalt,
were taken from 2-4 m thick lava flows from the Grande Marche near the summit of
Amsterdam Island. Analyses were performed on leached whole rock powders at
the Universit6 Libre in Brussels using standard laboratory procedures (Weis and
Frey, 1991; Weis et al., 1993). Details of the standard measurements, accuracy, and
precision are listed in Table 1.
Results.
The Sr, Nd and Pb isotopic data show a strong anomaly in the region of the
Amsterdam-St. Paul Plateau which corresponds approximately with the spatial
distribution of along-axis depth, Mg#, K/ Ti, and 3He/ 4He anomalies (Figs. 3, 5;
Douglas Priebe, 1998; Graham et al., 1999; Scheirer et al., 2000). I examine these
results from south to north in the study area by grouping the samples into three
regions: the ridge segments south of the plateau, the segments and seamounts
located on the ASP plateau and the ridge segments north of the plateau. Similarly
to Scheirer et al. (2000), I delineate the Amsterdam-St. Paul plateau by the transition
from 2800 to 2300 m water depth.
South of the Amsterdam-St. Paul Plateau, Segments J3, J4, K and L have
87 r/ 86 r values which range from 0.70297 to 0.70367 and1 43Nd/ 1"Nd values from
0.51284 to 0.51307 (ENd=4.0-8.4; Fig. 5a,b). Curiously, the Sr and Pb isotopic ratios
are high at the southeastern end of segment L and decrease linearly until the middle
of segment K, whose sample W9 shows a small increase in 1 7Sr/16Sr and 208Pb/ 204Pb
and a decrease in 14 3Nd/ 144Nd (Fig. 5). The "Sr/16Sr and 2 08Pb/ 20 4Pb values decrease
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north of sample W9 until the northernmost sample on segment J4. Sr and Nd
isotopes appear decoupled from Pb isotopes because the two samples from segment
J3 have low 87Sr/ 86 Sr and high 1 3Nd/1"Nd ratios that continue the trends shown by
segment J4 and K samples. Yet the 21 Pb/ 2 1 Pb isotopic ratios for the J3 samples fall
within the range seen on the Amsterdam-St. Paul plateau and the samples are
significantly enriched in 20 7Pb/ 2 1 Pb and 20sPb/ 204Pb compared to samples from the
segments just to the south.
Ridge segments centered on the Amsterdam-St. Paul Plateau (J2, J1, 12, I1)
show the widest range of isotopic values in the study area (87Sr/ 86Sr: 0.70344-
0.70462, 1 43Nd/ 1"Nd: 0.51273-0.51292, E Nd:1.8-5.4, 2 06 Pb/ 20Pb:18.02-19.14,
20 7 Pb/ 2 0 4Pb:15.51-15.60, 2 0 8Pb/ 2 4Pb: 38.26-39.44). High Pb isotopic ratios tend to
occur on segment 12, whereas the highest 87Sr/ 86Sr ratios occur on segment J1 (Fig. 5,
Table 1). Segment J1 shows the lowest 143Nd/144Nd values. The isotopic values of
the MORB from the ASP plateau surpass the isotopic values of samples collected on
Amsterdam and St. Paul Islands (Dupre and Allegre, 1983; Michard et al., 1986;
Dosso et al., 1988; W. White, unpublished; D. Weis, unpublished). In fact, samples
from St. Paul Island have 87Sr/ 86Sr and 143Nd/ 1"Nd values closer to NMORB than to
the enriched MORB collected on the plateau (Fig. 5, 6). The two seamounts
sampled on the ASP show quite a range in Sr and Nd isotopic ratios. One of the
seamounts, St. Pierre, is situated just south of St. Paul Island and shows the highest
87 r/ 8 6Sr and lowest 143Nd/1Nd of any sample collected on the plateau. However,
its Pb isotopic values are among the lowest of the ASP basalts. In addition to their
distinctive Sr, Nd and Pb isotopic characteristics, the seamounts and ridge basalts
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from the ASP show high but variable 3He/ 4He relative to normal mid-ocean ridge
basalts (Graham et al., 1999). Collectively, the isotope data demonstrate
conclusively that lavas from the Amsterdam-St. Paul plateau have a mantle source
distinct from the SEIR basalts erupted at segments south of the plateau (Fig. 5).
North of the plateau, segment H basalts are extremely variable in isotopic
composition and most of the segment H samples have radiogenic Pb isotopic values
which span the range of ASP plateau basalt compositions (Figs. 5, 7; Table 1).
Segment H samples have helium isotopic ratios that overlap with values from the
ASP basalts, and all H samples have high 3He/ 4He compared to typical MORB (Fig.
5e; Graham et al., 1999). In contrast, 87Sr/ Sr and 143Nd/1 Nd for segment H basalts
are intermediate compared to the range of the whole data set (Figs. 5, 6). There is
no simple correlation between isotopic composition and distance from the plateau -
in part, because one dredge site from segment H (D73) yielded three basalt types
with very different isotopic compositions - but basalts having more radiogenic Sr
and Pb isotopic ratios tend to occur in the center of the segment. Sample W47, from
near the center of segment H, has the most enriched 206Pb/ 204Pb and 207 Pb/ 204Pb
isotopic values of the entire data set (206Pb/ 21Pb=19.41, 207 Pb/ 2"4 Pb=15.65,
208 Pb/ 2 0 4Pb=39.66) as well as the highest 3He/ 4He (14.1 R/RA).
A basalt was sampled from the transform (Zeewolf) between segments G
and H where segment H abuts the transform. This sample (D75-4) has lower
87 r/ 86Sr. 206,207,208 Pb/204Pb and 3He/ 4He and higher 143Nd/44Nd than segment H
samples, and basalts from segments north of the transform have similarly
unradiogenic isotopic compositions. Because the ASP plume does not flow north of
segment H, this may indicate a relatively weak magma supply of the plume.
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Alternatively, the Geelvinck transform may dam the northward flow of plume
material, suggesting that the flow is very shallow (base of crust?) ~280 km north of
the plateau.
Based on low Sr and Pb and high Nd isotopic values and on the similarity of
these values compared to previously analyzed glasses from the SEIR between the
Rodrigues triple junction and segment G (Fig. 5), segment F lavas and some basalts
from segments J4 and K best represent NMORB in this region; that is, the isotopic
characteristics of these basalts are the least disturbed by the influence of the ASP
hotspot. However, NMORB north of the plateau have higher Nd, Pb and He
isotope ratios and lower 17Sr/8 Sr than NMORB located south of the plateau (Fig. 5).
The isotopic difference between the NMORB north and south of the plateau may
reflect the long-lived influence of a Kerguelen mantle component, characterized by
higher 87Sr/ Sr and lower 1Nd/ Nd, on the isotopic compositions of NMORB
south of the plateau.
Discussion.
The Amsterdam-St. Paul hots pot
In Sr and Nd isotopic space, samples from Amsterdam and St. Paul Islands
define overlapping fields which fall on a trend between mid-ocean ridge and
Kerguelen hotspot endmembers (Fig. 6) where the Kerguelen Archipelago
represents the current composition of the Kerguelen hotspot (Frey et al., 2000). All
of the data from this study fall along this trend and some of the J1 and 12 basalts
extend beyond the ASP fields and into the field of Kerguelen Archipelago samples
(Fig. 6). St. Pierre seamount shows the highest 1 7Sr/ 86 Sr (0.70478) and lowest
206
143Nd/1Nd (0.51266, (ENd =0.5) and falls within the most enriched end of the
Kerguelen Archipelago field (Fig. 6). However, consideration of the Pb isotopic
information, in addition to Sr and Nd isotopes, distinguishes the Amsterdam-St.
Paul and Kerguelen hotspots and rules out any simple binary mixing scenario to
explain the large data range (Fig. 7). There are discrete clusters in Pb isotopic
composition for Amsterdam and St. Paul samples and for plateau segments I1, 12
and J1, suggesting that this area is isotopically heterogeneous on a small scale (-10
km). St. Paul island samples lie between the higher Sr and Pb isotopic ratios of
Amsterdam lavas and the less enriched field for normal SEIR basalts. Some of the
SEIR MORB from atop the plateau have isotopic compositions intermediate to the
fields for these islands. The Amsterdam and St. Paul fields are based on relatively
few samples (n 10), so the limited sampling may not provide a representative
picture of the most extreme values for the island lavas. Given the paucity of
isotopic data from the islands, I refer to the hotspot isotopic composition as the ASP
endmember, grouping both the Amsterdam and St. Paul lavas into this endmember.
In summary, the ASP hotspot has a signature of higher 2 0 6 Pb/ 2 0 4Pb (-19.41),
2 0 8pb/ 2 04 Pb (~39.66), 14 3Nd/ 1"Nd (~0.5128) and lower 87Sr/ 8 6Sr (0.7037) compared to
the Kerguelen hotspot (20 6 Pb/ 20 4Pb ~18.56, 2 0 8Pb/ 2 04Pb -39.25, 1 4 3Nd/ 1"Nd -0.5126,
8 7 r/ 8 6Sr -0.7052). Additionally, the ASP hotspot has high 3He/ 4He (R/RA*14.1;
Graham et al., 1999 ). The occurrence of high helium isotopic ratios in ocean island
basalts has been interpreted as evidence for a mantle plume whose source is located
deeper than the MORB mantle source (Lupton, 1983).
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Detailed analysis of the individual ridge segments on the plateau shows that
basalts from segment 12 show the widest compositional range of any ridge segment
on the plateau. Four segment 12 lavas have isotopic compositions that are nearly
identical to Amsterdam Island and the remaining 12 samples trend toward NMORB
compositions. Based on the observed mantle Bouguer anomlies and helium
isotopic compositions, segment 12 should be located nearly above the center of the
plume whereas segment I1 is near the edge (Graham et al., 1999; Scheirer et al.,
2000). Graham et al. (1999) suggested that the segment Il lavas were derived from
previously melted ASP plume mantle because the Il lavas showed lower Na,
3He/ 4He, K/Ti and inferred He/Ti compared to segment 12 lavas. Assuming that
the melts of the sampled segment I1 and 12 basalts formed contemporaneously,
segment I1 basalts formed from previously melted ASP mantle should have the
same or similar Sr, Nd and Pb isotopic ratios as segment 12 basalts. However,
segment I1 basalts are consistently more radiogenic in 1 3Nd/ 1"Nd and less
radiogenic in 87Sr/ 86Sr and Pb isotopes than segment 12 lavas (Figs. 5-7) which
requires that segment I1 lavas contain greater amounts of depleted mantle melt.
The mantle Bouguer anomaly data indicate that the greatest crustal thickness and
greatest magmatic output has been directly under segment 12 (Fig. 8) which
suggests that segment 12 is located above the center of the ASP plume. In contrast,
segment I1 is located near the plume's margin. Near this margin more depleted
mantle may be entrained into the plume provided a dynamically reasonable
explanation for the Sr, Nd and Pb isotopic differences between I1 and 12 lavas.
208
Influence of the Amsterdam-St. Paul hotspot on the ridge - Segment H
The isotopic compositions of mid-ocean ridge basalts sampled near the
Iceland and the Azores hotspots indicate that ridge-centered and near-ridge plumes
distribute material asymmetrically along spreading systems (e.g. Taylor et al., 1997;
Dosso et al., 1999). Similarly, the isotopic signature of the Amsterdam-St. Paul
plume is distributed asymmetrically along the Southeast Indian Ridge. Plume
related melts are erupted north of the hotspot plateau along segment H. The Sr,
Nd, and Pb isotopic systematics of the ridge basalts appear decoupled north and
south of the plateau. For example, the basalts from segment J3 have elevated Pb
isotopic ratios relative to MORB from segment J4; yet the J3 basalts do not have
elevated Sr and Nd isotopic ratios. Diffusion of melt along grain boundaries is an
effective process for differential transport of element concentrations. If plume melts
are diffusing through the upper mantle or at the crust mantle transition, Sr and Pb
should diffuse through clinopyroxene, the phase which controls the diffusion of
trace elements through mantle assemblages, at approximately the same rate
(Sneeringer et al., 1984; Cherniak, 1998). As the elemental species migrate, they
carry the isotopic signature of the source of the melt. Nd would diffuse more
slowly than Sr or Pb (Van Orman, 2000) which could explain the absence of a slight
plume signature in the 11 3Nd/*"Nd of segment J3 basalts. The decoupling of Sr and
Pb isotopic ratios in segment J3 basalts is unexpected and may suggest that the
migrating plume melts have high Pb abundances compared to the ambient mantle
in the region of segment J3.
The Sr, Nd, and Pb isotopic ratios are also decoupled north of the ASP
plateau. That is, W48 from segment H is the northernmost sample of this dataset
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which shows elevated "8 Sr/8 Sr and 3He/ 4He and lower " 3Nd/"4Nd relative to
normal SEIR basalt (Fig 5 a,b). Yet sample D79-1 from segment G appears to have
Pb isotopic ratios that are elevated compared to background NMORB from
segments F, J4 and K (Fig. 5 c-e), whereas the high 3He/ 4He persists only to the very
end of segment H (Graham et al., 1999). The Pb isotopes appear to imply that the
area affected by the ASP plume may extend as much as 475 km north of St. Paul
island, whereas Sr and Nd imply a shorter distance of -165 km and He isotopes a
distance of -200 km. In either case, the decoupling is present in only one sample
from segment G and the intra-transform sample between segments G and H shows
no evidence for ASP plume material (Fig. 5).
Segment H basalts show a linear trend between Sr, Nd, Pb and He isotopic
ratios over a large range of isotopic composition (Figs. 6, 7, 9a), and these lavas
display coherent trends in figures which plot incompatible element ratios relative to
isotopic ratios (e.g. Fig. 9b, c). The linearity of the trends suggests that the
endmembers have similar Sr/Nd and Sr/Pb concentration ratios (Langmuir et al.,
1978; DePaolo, 1988). One endmember of the trends is characterized by high _Nd
and low K/Ti, 87Sr/ 8 6Sr, 3He/ 4He, and Pb isotopic ratios. The isotopic
characteristics are similar to those expected of ambient depleted mantle and, except
for a slight enrichment in 3He/ 4He, sample D73-4 generally plots with NMORB
from segments north of Segment H (Fig. 6, 7). On the other hand, samples W47 and
W46 display isotopic and trace element signatures similar to those of basalts from
Amsterdam Island and segment 12. The correlation suggests either that the basalts
of segment H formed from a mixture of the different components within the source
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region or from mixing of melts from the depleted mantle and ASP plume. Figure 10
(a, b) shows that Segment H melt compositions can be successfully modeled, using
equations from Langmuir et al. (1978), as simple binary mixtures of a MORB
endmember and an ASP endmember. Furthermore, the Pb mixing model suggests
that the MORB component is represented by uniformly low isotopic 20sPb/ 2 11Pb but
the segment H trace element concentrations require the MORB contaminant melts
to form at various degrees of partial melting (Fig. 10b). Sample W47 was chosen to
represent the ASP endmember because its 206Pb/ 2oPb ratio is higher than that of any
ASP MORB or of the basalts erupted at Amsterdam and St. Paul Islands. Although
fewer Sr concentration data are available for the segment H samples, the sample
positions in Sr isotopic-concentration space are directly analogous to the their
positions in the Pb model (Fig. 10). Although segment 12 samples do not show as
large a range in isotopic compositions, the samples frequently display linear trends
similar to the Segment H samples (Fig. 7, 9) suggesting that melt mixtures erupt at
ridge segments on the plateau. However, the greater degree of fractionation and
greater input of melt from the ASP hotspot for 12 masks the mixing process.
On the basis of a mixing model using the 3He/ 4He - K/Ti mixing diagram,
Graham et al. (1999) suggested that the plume material feeding the subridge mantle
beneath segment H had He/Ti ratios up to a factor of 50 greater than the plume
material feeding the subridge mantle beneath segments atop the ASP plateau. This
leads to a model whereby the plume material reaching segment H has undergone
no melting until directly beneath the ridge. In contrast, material reaching segments
atop the ASP plateau, being derived from the core of the plume, did experience
some earlier melt extraction before it reached the ridge, thereby lowering its He/Ti
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ratio. This explanation would require the center of the plume to be hotter than the
margins, allowing the upwelling material in the plume's center to reach the solidus
and melt to a greater extent than the plume margins. The Sr, Nd and Pb isotopic
data suggest that this model needs to account for multiple source components for
the lavas erupted on the Amsterdam-St. Paul plateau; that is the presence of a
Kerguelen component, indicated by 87Sr/"Sr and 14Nd/ 1"Nd (e.g., Fig. 7), would
likely also affect the differences between segments H and I reflected in the He/Ti
ratios.
Influence of the Kerguelen hots pot on the ridge
Several Southeast Indian Ridge segments have erupted MORB that have
slightly lower ENd and slightly higher 87Sr/ 86Sr than adjacent NMORB. In Nd-Pb
isotopic space, two subparallel trends converge toward the ASP endmember
composition, but the low 20Pb/ 2 4Pb samples show considerable scatter in ENd (Fig.
7a). In particular, the trend formed by samples from segments L, K, J4, J2, 12 and I1
is offset toward lower ENd and toward the compositions of Kerguelen Plateau and
Kerguelen Archipelago samples (Fig. 7a). Also, segment M, south of the study area,
shows basalts with Kerguelen-like isotopic compositions (Mahoney et al., in prep.).
Segments K and J4, where Small (1995) predicted the greatest influence of the
Kerguelen plume on the SEIR, have isotopic ratios weakly offset toward Kerguelen
basalt compositions (Fig. 7a), but segment J1 basalts have the strongest Kerguelen
isotopic signal (Figs. 5-7). Segment J1 MORB from on the ASP plateau have low ENd
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and high "8 Sr/8 Sr ratios at a given 206Pb/2 Pb ratio and St. Pierre seamount, near J1,
has a significant Kerguelen-like isotopic signature (Figs. 6, 7). The seamount is only
31 km south of St. Paul Island which displays the isotopic signature of the ASP
component suggesting that small scale mantle isotopic heterogeneities are
preserved in spite of mantle convection and the upwelling ASP plume. Segment L
and K samples have 3He/ 4He (R/Ra =7.59-8.90; Graham et al., 1999) well within the
range of normal MORB values (average 3He/ 4He ~8 R/Ra), but the segment J1 and
the St. Pierre lavas have helium isotopic ratios which are higher than typical MORB
(J1: 10-10.6 R/Ra, St. Pierre: 13.4 R/Ra; Graham et al., 1999; Fig. 5). Kerguelen
Archipelago basalts have helium isotopic ratios between 10 to 12.5 R/RA(Chapter 4)
which corresponds with the ratios measured at segment J1. The helium isotopic
ratio of St. Pierre may be affected by the proximity of the ASP hotspot.
Possible explanations for the Kerguelen isotopic signature along >1000 km of
the SEIR axis (segments I1-M) include: 1) isotopic heterogeneity within the ASP
plume, 2) the Kerguelen plume is dynamically affecting the ridge, or 3) the
Kerguelen plume previously enriched or metasomatized the depleted upper mantle
of the Indian Ocean basin (Storey et al., 1989). Enriched segment H basalts show
the most robust isotopic signature of the ASP plume, based on He and Pb isotopic
ratios, yet the segment H lavas don't appear to be offset toward Kerguelen isotopic
compositions (Fig. 7a). Because segment H lavas do not show the influence of the
Kerguelen isotopic component, isotopic heterogeneity within the ASP plume does
not explain the Kerguelen signature seen elsewhere in the study area.
Schilling et al. (1985) described a model wherein a horizontal mantle conduit
may be established between a hotspot and a nearby ridge. Furthermore, the
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authors hypothesized that the conduit continues to lengthen as a ridge migrates
away from the relatively fixed hotspot, but the length of the ridge affected by the
plume decreases by the square root of the increasing distance between the ridge
and plume. The Oligocene history of the Kerguelen plume and the SEIR is
analogous to the Schilling model. At Site 1140 on the northern Kerguelen Plateau
(Fig. 1), the Sr, Nd and Pb isotopic signatures of basalts in the drill core suggest that
SEIR and Kerguelen basalts are intercalated (Weis and Frey, 2000). At the time of
eruption (-34 Ma), the Southeast Indian Ridge was -200 km from Site 1140. This
example of a mantle conduit, or of plume-ridge interaction, seems more unlikely
given that a connection between Kerguelen and the SEIR would be currently over
1200 km in length (e.g. Fig. 1 of Graham et al., 1999). Although the persistence of a
conduit over this distance seems dynamically unlikely, three large fracture zones
which intersect this region of the SEIR also intersect the Kerguelen Plateau (Fig. 11).
These fracture zones may focus mantle flow from the Kerguelen hotspot to the
ridge and a spur or line of seamounts which extends ENE from the Kerguelen
Plateau is consistent with this idea (Fig. 11). The Southeast Indian Ridge is
shallowest just south of the study area and Small et al. (1996) and Semp re et al.
(1997) interpreted this long wavelength bathymetric anomaly as evidence for
thermal uplift due to a channel from the Kerguelen plume. A correlation between
ENd and depth of the ridge axis (Fig. 12a) supports these interpretations because low
ENd, which is indicative of the Kerguelen plume, occurs at the shallowest ridge
depths. Unfortunately, Pb isotopes do not show a similar correlation (Fig. 12b).
The empirical model of plume-ridge interaction by directionalized flow (Schilling,
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1991) predicts a width of only 50-200 km for dynamic plume influence on a ridge
that is 1200-1600 km away. Currently the Kerguelen plume appears to have a
magmatic flux of -0.009-0.42 km 3/y (Nicolaysen et al., 2000), and it is doubtful that
a plume with this low volumetric flux would affect over 1000 km of ridge as
suggested by the basalt compositions of segments I1, J1, K, L and M. Additionally,
the Kerguelen compositional influence is quite variable because J3 and some J4
lavas are not isotopically enriched MORB. A final circumstantial argument is that it
is unlikely the Kerguelen plume would flow through the most robust upwelling of
the ASP plume, which is required to generate the isotopic signature seen at segment
I1.
It seems more likely that the isotopic variability on the plateau represents
inherent heterogeneity in the background MORB mantle that could be related to
contamination by early Kerguelen plume melts (e.g. Storey et al., 1989). It seems
unlikely that the contamination would have occurred during the Oligocene when
the locations of the SEIR and the Kerguelen plume coincided because the ridge has
been migrating away from Kerguelen and melting isotopically depleted upper
mantle. In the Oligocene, Kerguelen melts would have to diffuse across the
upwelling zone feeding the ridge in order to contaminate the depleted upper
mantle that is melting today. Most likely, this contamination occurred during the
Cretaceous when the Kerguelen plume flux was at its peak (~2 km3/y; Coffin and
Eldholm, 1994) and the Indian Ocean basin was smaller. The Kerguelen signal may
derive from isolated streamers created by metasomatic percolation of Kerguelen
plume melts. This model does not preclude active interaction between the
Kerguelen plume and the ridge affecting a smaller length of ridge. For example, a
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channel or mantle conduit may impinge on the ridge at segment J1, whose lavas
have the strongest Kerguelen signal and moderate 3He/ 4He ratios.
Geochemical constraints on the source of Amsterdam-St. Paul and Kerguelen isotopic
enrichment
Proposed explanations for the relatively high 87Sr/ 86Sr and 2 0 Pb/ 214Pb and
low 206Pb/ 2 0 4Pb (Dupal signature) of Indian Ocean basalts relative to Atlantic and
Pacific basalts (e.g., Fig. 2 of Chapter 1, this work; Fig. 1 of Mahoney et al., 1998)
include: 1) the contamination of the Indian Ocean asthenosphere by the Kerguelen
plume (e.g., Storey et al., 1989); 2) the addition of subducted pelagic sediment and
old oceanic crust to either lower mantle material (e.g., Dupre and Allegre, 1983) or
depleted upper mantle which is compositionally similar to the source of Atlantic
and Pacific NMORB (e.g., Rehkdmper and Hofmann, 1997); and 3) dispersion of
continental lithosphere within the oceanic mantle (e.g., McKenzie and O'Nions,
1983; Carlson et al., 1989; Mahoney et al., 1995) perhaps due to the breakup of
eastern Gondwana and/or erosion of the continental lithosphere by impacting
plumes, such as those forming Kerguelen and the Marion Islands. Mahoney et al.
(1998) demonstrated that the degree of MORB mantle contamination by enriched
material has decreased with time regardless of the source of that material. A
comparison of Zr/Nb and (La/Nb)n ratios with isotopic ratios yields relatively
good correlation (Figs. 13, 14). Although Zr/Nb can be influenced by degree of
partial melting in the mantle source, the observed Zr/Nb and La/Nb correlations
distinguish the ASP plume and the Kerguelen influenced samples from NMORB or
MORB slightly influenced by the Kerguelen plume (Figs.13, 14).
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The correlation between Nd and Pb isotopic ratios and primitive mantle-
normalized La/Nb (Fig. 14) shows that continental material is not significant in the
ASP or Kerguelen plume sources. The ridge basalts and seamounts strongly
influenced by the ASP plume and by the Kerguelen component have (La/Nb),
ratios less than one. This trace element signature and the isotopic data suggest that
the ASP plume contains either recycled oceanic crust or subcontinental lithosphere
in its source. Rutile, a significant component of eclogites, readily incorporates Nb
into its structure and eclogites, high-pressure rocks which exist in subducted
oceanic crust and in subcontinental lithosphere, frequently contain rutile (Rudnick
et al., 2000). The NMORB have (La/Nb), ratios greater than one, low Pb isotopic
ratios and high ENd, a signature which is consistent with their derivation primarily
from depleted upper mantle.
Incompatible element ratios, such as Ce/Pb, Nb/U and Ba/Th may
distinguish the influence of sediment on a MORB source which has been well
documented in the case of the Chile Ridge (Klein and Karsten, 1995; Sturm et al.,
1999). The basalts from the study area show relatively constant values for Ce/Pb
and Nb/Th whereas Ba/Th and Nb/Ta vary by up to a factor of four (Fig. 15). In
spite of this variation, there is not a strong correlation between these ratios and
location along the ridge or isotopic signature. One J1 sample often plots near the
field of trench sediments, but this may be an analytical artifact and should be
verified. There is an indication that some samples have lower Nb/Th, Nb/Ta and
Ce/Pb than expected for NMORB and OIB. However, Niu et al. (1999) recently
demonstrated that these ratios are not constant in oceanic basalt suites and instead
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may represent melts of highly depleted sources. Although there is one J1 sample
that consistently plots near the lower crust average of Sun and McDonough (1989)
and in the direction of trench sediments, this sample does not have isotopic ratios
which differ strongly from the other J1 samples. Most likely, this lava melted from
a previously depleted source or the ratios reflect an analytical artifact. The other
samples show very little evidence for subducted sediment in their source. If the
source of the Amsterdam-St. Paul plume is subducted oceanic crust, then the
accompanying sediments were stripped during or shortly after subduction. The
high helium isotopic ratios of the ASP plume seem inconsistent with a source
predominantly composed of subducted oceanic crust so the deep mantle source is
heterogeneous.
Conclusions.
In general, the isotopic compositions of Southeast Indian Ridge basalts
between 770 and 88*E can be described as mixtures of three components: the
Amsterdam-St. Paul hotspot, the Kerguelen hotspot and MORB source mantle. The
ASP plateau, bisected by the SEIR, represents the physical manifestation of a deep
mantle plume which has high Pb isotopic ratios (20 6Pb/ 2"Pb ~19.41, 20 7Pb/ 2"Pb
-15.6, 20 8Pb/ 204Pb -39.66) and 87Sr/ 86Sr slightly higher (-0.7036) and 14 3Nd/ 1"Nd
slightly lower (-0.5128) than MORB source mantle. The ASP plume composition
trends toward FOZO (Hart et al., 1992) or C compositions (Hanan and Graham,
1996) which may represent common lower mantle source. crust without significant
amounts of subducted sediment. This source also contributes the 3He/ 4He isotopic
ratios (up to 14 R/RA) reported by Graham et al., (1999), which are higher than
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typical Southeast Indian Ridge basalts. The strongest signal for the Amsterdam-St.
Paul plume is from segments 12 and H. That segment H, which is north of the
hotspot plateau, has a strong ASP signature indicates significant northward flow of
plume material, and overall the ASP plume appears to affect SEIR segments over a
distance of ~375 km.
NMORB, which have isotopic characteristics of depleted upper mantle, are
relatively rare in the study area. The NMORB are heterogeneous in isotopic
composition and several of the segments including I1, 12, J2, K and L have lower ENd
and higher 87Sr/ 86Sr isotopic compositions than expected for basalts having ASP
plume and/or depleted upper mantle as their source. This relatively low ENd and
high 87Sr/ 8 Sr signature occurs with Pb isotopic ratios intermediate to those of the
ASP and depleted mantle sources and can be attributed to a Kerguelen-type mantle
source. Furthermore, this signature is strongest in basalts erupted at segment J1
and St. Pierre seamount on the ASP plateau. Although this Kerguelen isotopic
signature could stem from dynamic flow from the Kerguelen plume, over 1200 km
to the southwest, the ubiquity of the Kerguelen component in lavas from over 1000
km of ridge length suggests that the movement of the thickened lithosphere of
Broken Ridge may locally draw mantle material behind it in a "wake" effect.
Alternatively, the Kerguelen plume may have locally contaminated the mantle and
as the Southeast Indian Ridge migrates to the northeast, it melts passive
heterogeneities in the upper mantle, which are related to the Kerguelen plume.
Notably, however, this contamination does not extend the full length of the
Southeast Indian Ridge. Finally, there is no direct evidence that the strong
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Kerguelen signature in the segment J1 basalts may indicate a Schilling-type conduit
(Schilling, 1991) from the Kerguelen plume.
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Table 1: Sr, Nd and Pb isotopic data for glass samples from the Southeast Indian Ridge, St. Pierre and Boomerang Seamounts, and Amsterdam and St. Paul Islands (77-88'E)
Distance
from St. Paul Ridge depthd
Sample' Latitude Longitude Islandb segment' (M) Mg# 17Sr/"Sr 20 a Nd/ 1"Nd 2 a Ed 20 2Pb/2"Pb 20 207Pb/2"Pb 2 C 
2
0sPb/
2
0'Pb 2 a
D 33-2 4206.9 8802.54 910 L 2450 59.9 0.703640 14 0.512889 6 4.9 0.1 17.97 5 15.501 4 37.979 11
D 34-1 41 31.0 8705.6 807 L 2480 51.9 0.703580 14 0.512904 6 5.2 0.1 17.812 4 15.497 3 37.886 10
D 36-1 41 05.9 86 13.8 722 L 2500 55.9 0.703506 12 0.512928 8 5.7 0.1 17.735 7 15.487 6 37.760 14
--------------------------------------------------------------------------------------------------------------------------------------------------------------
W 4 42 51.8 83 17.4 668 K 2953 59 0.703182 14 0.513034 10 7.7 0.2 17.675 8 15.447 7 37.659 18
W 9 41 32.0 81 28.3 458 K 2579 58.7 0.703670 14 0.512901 10 5.1 0.2 17.591 3 15.438 3 37.687 8
39-1 41 14.6 81 09.4 417 K 2776 61.8 0.703470 14 0.512937 6 5.8 0.1 17.584 4 15.460 4 37.627 9
----------------------------------------------------------------------------------------------------------------------------------------------------------------
D 41-2 41 46.3 7945.2 375 J4 2840 61.3 0.703320 14 0.512994 6 6.9 0.1 17.600 5 15.436 5 37.572 11
D 43-2 4115.1 7906.3 296 J4 2785 61.8 0.703210 14 0.513020 10 7.5 0.2 17.617 3 15.441 3 37.524 9
44-6 4058.19 7847.29 255 11_ 2800 56.9 0.703370 14 0.512988 6 6.8 0.1 17.694 5 15.465 4 37.715 11
------ ---------------------------- -------------------------------------------------------------------------------------------------------------
D 46-2 4045.06 78 19.54 211 J3 3014 61.4 0.702969 14 0.513068 6 8.4 0.1 17.996 10 15.506 8 38.034 22
47-1 4033.18 78 08.47 184 1J3 2845 62 0.703150 15 0.512996 10 7.0 0.2 17.947 4 15.464 4 37.933 10
D 48-2 3948.74 7823.67 140 J2 2479 60 0.703440 14 0.512917 10 5.4 0.2 18.156 6 15.511 6 38.465 15
D 51-1 40 12.69 7837.71 185 J2 3264 50.3 0.703640 14 0.512893 8 5.0 0.2 18.144 5 15.522 4 38.518 11
54-3 39 27.00 78 05.53 93 J2_ 2225 51.4 0.703910 14 0.512844 6 4.0 0.1 18.298 7 15.538 6 38.785 14
D 55-1 39 17.31 78 11.05 85 Ji 2104 57.8 0.704530 14 0.512754 6 2.3 0.1 17.843 5 15.521 4 38.445 11
D 58-1 39 12.83 7752.99 61 J1/J2 1370 59.2 0.703832 16 0.512843 10 4.0 0.2 19.130 5 15.594 4 39.441 11
D 59-1 39 07.41 78 08.64 70 Ji 1903 56 0.704620 15 0.512728 6 1.8 0.1 18.189 5 15.557 4 38.860 11
D 60-1 38 57.55 7806.39 54 J1 1978 57.1 0.704607 16 0.512735 6 1.9 0.1 18.019 7 15.541 6 38.603 16
D61-1 3856.77 7808.05 55 ji_ 2153 55.4 0.704445 12 0.512754 10 2.3 0.2 18.122 6 15.572 5 38.684 13~
St.Pierre
W34 3846.85 7757.83 31 Seamount 1678 53.9 0.704782 14 0.512664 6 0.5 0.1 17.858 8 15.516 7 38.287 18
--------------------------------------------------------------------------------------------------------------------------------------------------------------
W 35 3825.96 78 35.29 41 12 2163 52.2 0.703930 13 0.512824 10 3.6 0.2 18.507 4 15.554 4 38.913 9
D 63-1 38 11.94 7822.03 9 12 1838 54.8 0.703954 14 0.512810 6 3.4 0.1 18.523 5 15.561 5 38.940 12
W 37 -6 12 1780 51.1 0.704010 13 0.512809 8 3.3 0.2 18.917 7 15.556 6 39.223 16
D 64-2 3758.91 78 09.80 -20 12 1805 46.5 0.703870 14 0.512827 10 3.7 0.2 19.075 5 15.599 5 39.441 13
D 64-8 3758.91 7809.80 -20 12 1805 50.6 0.703911 14 0.512819 6 3.5 0.1 18.751 6 15.568 5 39.113 14
W 38 3751.62 78 11.3 -28 12 1709 57.3 0.703770 14 0.512857 6 4.3 0.1 19.143 6 15.593 5 39.429 14
D 66-1 3748.11 7759.50 -45 12 1935 56.1 0.703800 14 0.512825 6 3.6 0.1 19.097 6 15.590 5 39.411 14
D 67-1 3734.65 7805.48 -57 12 1865 49 0.704110 14 0.512783 6 2.8 0.1 18.757 6 15.578 4 39.131 14
---------------------------------------------------------------------------------------------------------------------------------------------------------------
D 70-1 3709.9 7824.03 -70 I1 1850 60.6 0.703716 16 0.512851 6 4.2 0.1 18.302 4 15.540 3 38.261 8
W 43 3707.24 78 19.51 -78 I1 2092 58.7 0.703521 14 0.512876 6 4.6 0.1 18.344 4 15.553 4 38.639 11
D 71-3 3703.30 79 07.39 -89 11 1940 51.4 0.703460 18 0.512900 6 5.1 0.1 18.245 7 15.521 6 38.509 16
Boomerang
W 44 3743.27 7749.47 -62 Seamount 875 38.8 0.703813 14 0.512844 10 4.0 0.2 19.139 3 15.618 3 39.472 9
Boomerang
W 45 3742.98 7749.89 -62 Seamount 647 47.2 0.704564 18 0.512791 10 3.0 0.2 18.554 4 15.586 4 39.036 10
Table 1 continued
Distance
from St. Paul Ridge depthd
Sample" Latitude Longitude Island' segment' (m) Mg# "Sr/"Sr 2 a '4 Nd/ "Nd 2a ENd 2a Pb 2 a 207 Pb/2Pb 2 a 208Pb/Pb 2 ;
W 46 36 10.87 78 57.19 -112 H 2734 63.2 0.703511 18 0.512907 10 5.2 0.2 19.204 6 15.622 5 39.453 13
D 73-3 36 03.98 7849.48 -129 H 2659 59.7 0.703507 14 0.512885 10 4.8 0.2 18.957 3 15.594 3 39.196 9
D 73-4 36 03.98 7849.48 -129 H 2659 65.9 0.703060 15 0.513038 10 7.8 0.2 18.111 8 15.494 7 38.237 18
D 73-6 36 03.98 7849.48 -129 H 2659 65.4 0.703345 16 0.512939 10 5.9 0.2 18.552 6 15.551 5 38.798 13
W 47 35 56.31 7842.54 -147 H 2840 62.3 0.703676 18 0.512843 6 4.0 0.1 19.407 3 15.646 3 39.664 8
W 48 3547.82 7835.67 -165 H 2900 62.1 0.703280 15 0.512978 6 6.6 0.1 18.722 4 15.562 3 38.923 9
D 75-4 35 16.95 78 35.70 -205 H/G 3269 61.9 0.702986 16 0.513063 6 8.3 0.1 17.915 6 15.441 5 37.853 12
D79-1 34 34.15 78 14.19 -284 G 3163 62.3 0.702921 16 0.513024 6 7.5 0.1 18.270 3 15.495 3 38.287 8
D 77-3 32 56.72 7748.93 -437 F 2835 59.8 0.702930 14 0.513045 8 7.9 0.2 17.877 9 15.445 8 37.788 20
D 76-5 3245.77 7753.19 -447 F 2178 61.5 0.702970 14 0.513012 8 7.3 0.2 17.998 7 15.449 6 37.909 16
SP-1 0 3t. Paul Island 0.703600 14 0.512886 6 4.8 0.1 18.651 5 15.558 4 38.842 10
LVLK 140 * -68 Amsterdam I +740 0.703832 9 0.512813 10 3.4 19.014 15.557 39.237
LVLK 139 * -68 Amsterdam I +730 0.703928 6 0.512860 9 4.3 19.024 15.565 39.270
All samples were analyzed at the University of Hawaii unless otherwise indicated. NBS 987 (1 7Sr/"Sr = 0.71024±0.00002) was used for the strontium standard and isotopic fractionation v
corrected using "Sr/"Sr=0.1194. For the Nd isotopic analyses, the fractionation correction is ' Nd/'"Nd=0.241572 and the measured La Jolla standard value is M 3 Nd/ "Nd=0.511850±0.0
The fractionation correction of the Pb isotopic analyses are based on the NBS 981 standard (Todt et al., 1996). The precisions given by the standard analyses are ±0.011, ±0.010 and ± 0.03'
2
"Pb/ 2WPb, 2 Pb/ 2"Pb and 2Pb/ 21"Pb respectively. The lead concentration data were obtained by isotope dilution of hand-picked glasses and may not accurately reflect the whole rock P
abundances. The total procedural blanks were 12 pg.
a: w - waxcore; d - dredge haul.
b: Distance from the pole of rotation through St. Paul Island.
c: Ridge segments are named after the convention of Royer and Shlich (1991) and Conder et al. (2000).
d: Depth in meters below sea surface.
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Figure captions.
Figure 1: This map of the eastern Indian Ocean shows the Southeast Indian Ridge
and the Kerguelen Plateau as outlined by 2000 m bathymetric contours.
Ninetyeast and Broken Ridges formed a contiguous part of the Kerguelen
province until northward propagation of the SEIR split the province at -40.1
Ma (Tikku and Cande, 2000; Cande and Kent, 1995). The Amsterdam-St.
Paul plateau is located on the northwestern margin of a prominent curve in
the Southeast Indian Ridge. Circles indicate drill sites and triangles indicate
dredge sites.
Figure 2: A satellite gravity map which details the sampled SEIR ridge segments
and the thickened crust of the Amsterdam-St. Paul hotspot (after Plate 1 of
Scheirer et al., 2000). The segment nomenclature used throughout the paper
(segments F-L) is based on that of Royer and Schlich (1988) and Conder et al.,
(2000). The southwestern tips of Broken Ridge (BR) and Ninetyeast Ridge
(90' E) are located in the upper right of the figure. The satellite gravity data
is from the Sandwell and Smith (1997) data set.
Figure 3: Along axis profiles of depth, K20/TiO2 and chondrite-normalized La/Yb
ratios. The distance along axis is represented as distance northwest (negative
values) and southeast (positive values) of the pole of rotation through St.
Paul Island. The shallow bathymetry of the Amsterdam-St. Paul plateau
coincides with the incompatible element enrichment of SEIR basalts (Douglas
Priebe, 1998; Johnson, 1997). The highest K20/TiO2 basalts occur off the
plateau at segment H although the segment H basalts span the observed
K20/TiO2 range. Dashed gray lines indicate the boundaries between ridge
segments. The La/Yb ratio was normalized to C1 chondrite values reported
by Sun and McDonough, 1989. Data for Amsterdam and St. Paul Islands
come from this study, Frey and Weis, 1995 and Frey, unpublished. MORB
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data marked previous studies is from Dosso et al., 1988. Data for Boomerang
seamount were published by Johnson et al., 2000.
Figure 4: A plot of Ni vs. Mg# (MgO/(MgO+FeO) by weight percent oxide) shows
that the basalts recovered from seamounts and ridge segments on the
Amsterdam-St. Paul plateau have low Mg# and low Ni concentrations. This
positive trend to low concentration indicates greater extents of crystal
fractionation have influenced the compositions of these basalts compared to
off-plateau basalts.
Figure 5: Along axis profiles of strontium, neodymium, lead and helium isotopic
ratios. The influence of the Amsterdam-St. Paul hotspot upon SEIR basalts is
indicated by the spikes in isotopic ratios relative to normal mid-ocean ridge
basalt compositions north of the plateau. Note that the highest Pb and He
isotopic compositions occur off the plateau at segment H whereas Sr and Nd
show, respectively, a maximum and minimum near the southern margin of
the plateau. Samples from segment L and some from segment K show a
trend toward increasing Sr, Pb and He and decreasing Nd isotopic ratios.
The 2 a errors are smaller than the symbol size except for 2 0zPb/ 204Pb and
14'Nd/1"Nd in which case the maximum 2 a error is indicated in the upper
right. Helium data are from Graham et al., 1999. ASP and SEIR data sources
are as in Figure 3 with additional data from Weis, unpublished; White,
unpublished; Hamelin et al., 1986; Michard et al., 1986 and Price et al., 1986.
Figure 6: Plot of measured epsilon Nd vs. "Sr/ 86Sr. The epsilon notation is based
on the formulation by DePaolo and Wasserburg (1976). NMORB typically
plot at high _Nd and low Sr ratios whereas the hotspot influence on the SEIR
basalt compositions is indicated by the negative trend toward higher Sr and
lower Nd isotopic compositions. Fields are shown for Amsterdam, St. Paul
and the Kerguelen Islands (Weis et al., 1997; Damasceno et al., unpublished)
as well as the Ninetyeast Ridge (Frey and Weis, 1995). Numerous basalts
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from the Kerguelen Archipelago have been analysed (Weis et al., 1993; Weis
et al., 1998; Damasceno et al., 1997), but some show the influence of a
depleted isotopic component (Yang et al., 1998). Therefore the field for the
dashed field for the Kerguelen Archipelago is defined by the compositions of
basalts from Mt. Crozier and from the SE lower Miocene province as
suggested by Frey et al. (2000).
Figure 7: Epsilon Nd (a) and 2 08Pb/ 21 Pb (b) relative to 2"Pb/ 2 "Pb for Southeast
Indian Ridge, Amsterdam, St. Paul, Ninetyeast Ridge, Kerguelen Plateau and
Kerguelen Archipelago. The samples from segment J1, St. Pierre seamount
and some EMORB from previous studies are consistently offset toward the
Kerguelen fields. The text discusses the parallel trends between NMORB
and Amsterdam-St. Paul in (b). Site 738 data are from Mahoney et al., (1995)
and other Kerguelen Plateau data are from Salters et al. (1992). Other data
sources as in figures 5 and 6.
Figure 8: Mantle Bouguer anomaly (MBA) relative to (a) ENd, (b) 21Pb/ 2 Pb and (c)
2 08 Pb/ 204 Pb. The MBA is calculated by subtracting the predicted gravity of a
crust of constant thickness and the predicted gravity from density
differences within the lithosphere and seawater column from the satellite-
measured, free-air gravity (see Scheirer et al., 2000). The resulting mantle
Bouguer anomalies indicate a mass deficit when negative and a mass excess
when positive. A mass deficit may be explained by warmer than expected
lithosphere or by a thicker, less dense crust (in other words the Moho is at
greater depths). In general, negative MBA characterizes the ASP plateau
which Scheirer et al. (2000) attribute mainly to increased crustal thickness. In
detail the segments at the margins of the plateau (I1, J1) are underlain by less
negative MBA, indicating thinner crust than for 12 in the center of the
plateau. The displayed isotopic ratios correlate with MBA in that the
chemical signature of the ASP plume is weaker near the plateau margins. By
inference, the physical output of the plume is weaker near the margins of the
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plateau. The exception, segment H, does not show vastly different MBA
along its length. This may be a case of the plume being channeled by the
base of the lithosphere to thinner crust.
Figure 9: (a) 3He/ 4He vs. ENd. The He isotopic ratio correlates with Nd isotopic
ratio (ENd), particularly for segment H basalts. Also, Pb (b) and Nd (c)
isotopic ratios correlate with K/Ti, which provides a measure of the source
enrichment. Potassium and titanium data are from Douglas Priebe (1998).
He data are from Graham et al. (2000) and other sources are listed in figure 5.
Figure 10: Modeled mixing trends for Pb (a) and Sr (b) between the most enriched
ASP type sample from segment H and an NMORB composition. Several
NMORB compositions are shown to demonstrate that although the Pb and Sr
concentrations vary widely, the isotopic ratios are approximately the same.
(a) 20 Pb/ 2 4Pb is plotted because the lead concentration is primarily 20sPb.
Tick marks indicate mixing proportions of 10% between W47 and the sample
from the Geelvinck (G/H) fracture zone and this mixing trend fits most of
the segment H data. However, several samples (D73-4, W48 and W46) fall
off the mixing trend suggesting either the effect of fractionation or partial
melting on the Pb abundance of the depleted endmember. (b) Although Sr
concentrations were not measured for samples W47 and W48, the placement
of the segment H samples is identical whether in Pb or Sr isotopic-
concentration space and suggests that the same process controls the isotopic
ratios and trace element abundances. Depending on the composition of
plagioclase in the fractionating assemblage, [Pb] would increase in the melt
and [Sr] would decrease leading to opposite effects on the inverse of the
concentrations. If Sr and Pb abundances of W48 and D73-4 were controlled
by fractionation, the Sr plot (b) should mirror the Pb plot (a). Both Sr and Pb
will be incompatible during high pressure partial melting. Since D73-4 and
W48 have higher abundance ratios than the samples along the mixing line in
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both Sr and Pb, this suggests that these samples reflect a mixture between the
enriched ASP endmember and a depleted endmember which is a higher
degree partial melt than the Geelvinck fracture zone sample. Most likely,
D73-4 formed by a high degree partial melt which lowered both the Pb and
Sr abundances, leading to higher inverses of the abundances.
Figure 11: Satellite gravity map showing the Amsterdam-St. Paul and Kerguelen
hotspots relative to the Southeast Indian Ridge. The chain of seamounts
between Amsterdam - St. Paul and the southern Ninetyeast Ridge may be
the hotspot track of the ASP plume. A high gravity line extends
northeastward from the northern Kerguelen Plateau. This gravity anomaly
probably represents a volcanic ridge. This ridge and the seamounts
northeast of the ridge suggest that the greatest Kerguelen isotopic signature
should occur at segment K. Although slight enrichment is observed, the
isotopic anomalies at segment J1 and St. Pierre indicate far more compelling
Kerguelen influence. Additionally, a region of high Sr and low Nd isotopic
ratios at intermediate 20"Pb/ 214Pb values occurs at segments L, M and N
(Mahoney et al., in preparation). See text for further discussion.
Fig. 12: Depth to the ridge axis shown relative to (a) ENd, (b) 2 0 6 P 2Pb and (c)
2 08Pb / 20 4 Pb. The correlation between depth and isotopic ratios is similar to
the correlation between MBA and the same isotopic ratios (Fig. 8).
Interestingly, the off-plateau segments that show a slight Kerguelen isotopic
signature (K, L) are located at shallower ridge depths than the NMORB
segments J3 and F which supports the interpretations by Semper6 and
Cochran (1997) and Small et al. (1999) that the shallow bathymetry may
indicate a conduit between Kerguelen and the SEIR.
Fig. 13: A plot of Zr/Nb ratios (K. Johnson, unpublished data) relative to (a)
A2 0 Pb/ 204Pb and (b) A2 07Pb/ 204Pb. The delta Pb notation is a measure of how
enriched the SEIR basalts are relative to the Northern Hemisphere Reference
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Line defined, by Hart (1984), which is an empirical fit to a relatively small
MORB dataset from the Pacific and Atlantic Oceans. High delta Pb is
defined as the Dupal anomaly (Dupre and Allegre, 1983; Hart, 1984). Also
plotted for reference are analyses of trench sediments from the western
Pacific subduction zones (Plank and Langmuir, 1998) and lava compositions
from the Kerguelen province (data sources as in Figs. 6, 7). The segment J1
lavas are clearly offset toward Kerguelen compositions in both panels. The
position of segment H and 12 lavas in panel (a) shows that the source of the
ASP plume is not influenced by either the Kerguelen material nor by
subducted sediments.
Fig. 14: Primitive mantle-normalized La/Nb ratios (K. Johnson, unpublished data)
plotted relative to (a) ENd, (b) 2 06Pb / 204Pb and (c) 20Pb/ 204Pb. Both continental
crust and depleted mantle have (La/Nb)n > 1 (Rudnick and Fountain, 1995)
but recently Rudnick et al., (2000) have demonstrated that rutile-bearing
eclogite has (La/Nb)n less than one. Both sub-continental lithosphere and
subducted oceanic crust partly consist of refractory eclogite. Rudnick et al.,
(2000) estimated that a much larger proportion of the refractory eclogite must
be subducted oceanic crust rather than sub-continental lithosphere based on
mass balance calculations and the relatively small percent of rutile-bearing
eclogite observed in xenoliths from the sub-continental lithosphere.
Primarily oceanic crust has been subducted off the eastern margin of
Australia since the Middle to Late Cambrian (Mfinker and Cooper, 1995;
Miinker, 2000; Glen et al., 1998; Finn et al., 1999) and current actively
subducting slab has been imaged by tomography (van der Hilst, 1995;
Widiyantoro and van der Hilst, 1996). Additionally, Site 738 basalts (Fig. 3 in
Chapter 1; Mahoney et al., 1995) show contamination by sub-continental
lithosphere. The ASP lavas do not trend toward Site 738 compositions
suggesting that sub-continental lithosphere is not an important contributor to
the source of the ASP plume.
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Fig. 15: Ce/Pb plotted relative to incompatible trace element ratios (a) Nb/U, (b)
Ti/Zr and (c) Nb/Ta (K. Johnson, unpublished data). These ratios discern
the presence of subducted sediment in the source region. Trench sediments
have relatively low values for all the values except Nb/Ta. The gray regions
indicate the average distribution of ocean island basalts (OIB) and MORB
compositions. Only one SEIR sample plots near the sediment region. This
could be an artifact of the analytical technique since Pb was measured by
thermal ionization mass spectrometry, and the Ce was analyzed by ion probe
and ICP-MS. Also plotted are the estimated bulk compositions of primitive
mantle, OIB, lower continental crust and upper continental crust (averages
from Sun and McDonough, 1989 and Rudnick and Fountain, 1995). The
sediment values are from Plank and Langmuir (1998) and the other Indian
Ocean (10) MORB are from the data set of Rehkmiinper and H1ofmann (1997).
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Plumes: Inferences about their initiation, sources, life cycle, and
interaction with the shallow mantle based on a synthesis of
geochronologic and geochemical results from the Kerguelen Plateau, the
Kerguelen Archipelago, and the Southeast Indian Ridge near the
Islands of Amsterdam and St. Paul
Introduction.
On the Earth's surface, excess volcanism which is not related to subduction
or crustal extension has been attributed to mantle plumes which are characterized
as thermal anomalies originating at a thermal boundary layer in the mantle (e.g.,
Morgan, 1971; Kellogg et al., 1999). Malamud and Turcotte (1999) estimate that
between fifteen and thirty-five percent of the Earth's heat flow is transferred to the
base of the lithosphere by mantle plumes, and it is possible that plumes accounted
for a greater proportion of heat loss in the past (Stein and Hofmann, 1994; Eldholm
and Coffin, 2000). Recent advances in tomography have shown that seismic waves
have slower velocities beneath Iceland, which suggests that hot, partially molten
upper mantle in the plume column attenuates the seismic waves (Helmberger et al.,
1998; Shen et al., 1998). In addition to the inferred and observed thermal traits of
plumes, the different geochemical characteristics of plume-derived lavas and
asthenosphere-derived mid-ocean ridge basalts require that plumes and
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asthenosphere have intrinsic differences in chemical composition. Although
tomography and numerical modeling have led, recently, to new insights into the
dynamics of mantle plumes, several questions can be addressed only through study
of the volcanic products of a plume and by comparing the products of different
plumes to each other. Key questions include: how do plumes form; how long do
plumes last; how do plumes interact with mantle convection currents; and, what are
the sources of the distinct compositions of plume melts? The results of my research
address several of these questions. This chapter discusses correlation between and
merges inferences from the individual Kerguelen and Amsterdam-St. Paul data sets
presented in the preceding four chapters.
Plume initiation and duration of subsequent magmatic output: an example from
the Kerguelen Plateau and Archipelago.
Basalts which cover more than 10' km2 and which have erupted in less than a
million years are typically called flood basalts and with their intrusive counterpart
constitute Large Igneous Provinces (LIPs; Coffin and Eldholm, 1994; Eldholm and
Coffin, 2000). Formation of flood basalts requires a large magma supply in a short
time interval. In some cases, diminished volcanism continues after~ the
emplacement of the flood basalts and forms a hotspot track. The dynamic
mechanism for this volcanism has been attributed to the arrival of a large,
mushroom-shaped plume head at the base of the lithosphere creating' the flood
basalts, followed by continued impingement of a plume "tail" (Morgan, 1971;
Richards et al., 1989; Campbell and Griffiths, 1990). The most widely accepted
theory is that the plume initiates from a boundary layer deep within the lower
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mantle due to thermal instability, and a variety of laboratory and numerical
experiments have corroborated the possibility of this process (e.g., Griffiths and
Campbell, 1990; Kellogg and King, 1997).
Flood basalt provinces are typically associated with continental margins. In
the plume paradigm, geoscientists debate whether the plume creates the continental
rifting by thermally weakening the crust and lithosphere, or whether the plume
melts are more readily allowed to the surface after the removal of the overlying
continental crust (e.g., Storey, 1995; Courtillot et al., 1999; Dalziel et al., 2000).
The association of flood basalts or LIPs with continental margins has led to
the development of a second mechanism for their development. In several papers,
Anderson suggests that flood basalts are the result of continental breakup, which
allows melts to leak to the surface (e.g., Anderson et al., 1992; Anderson, 1994; King
and Anderson, 1995). These melts would be generated by adiabatic ascent and
melting of shallow mantle material, which is no longer impeded by sub-continental
lithosphere or crust. The geochemical differences between mid-ocean ridge basalts
(MORB) and flood basalts are attributed to addition of fluids from sediments and
oceanic crust to the shallow mantle as the slab subducts beneath the continental
margin (Anderson, 1994). Additionally, flood basalt melts may assimilate
radiogenic material as they traverse the continental crust near the plate boundary
(Anderson, 1994). In this case, the continental rifting is stimulated by the
reorganization of tectonic plates and by the accompanying generation of far-field
stresses. Some attribute continental rifting and development of flood basalts to a
combination of plumes and plate-reorganization (Zeyen et al., 1997; Courtillot et al,
1999). A third alternative requires a combination of convective upwelling followed
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by delamination of mantle lithosphere (Elkins Tanton and Hager, 2000) but it is not
clear how this model accounts for the non-MORB-like geochemical signatures of the
flood basalts.
The eruption ages of basalts and the timing of continental breakup are
important constraints on the mechanism of basalt generation. I review these data
for Cretaceous and younger basalts of the southwestern Australian and
northwestern Indian margins and of the Kerguelen Plateau and Archipelago. Based
on this review, I conclude 'that the plume paradigm seems most appropriate to
explain the sustained volcanic activity, at least 119 million years in duration,
recorded by the Kerguelen Plateau and Archipelago.
The initiation of Kerguelen volcanism, identified on the basis of
geochemistry, may be contemporaneous with the rifting of Eastern Gondwana. At
~132 Ma, India began separating from Australia-Antarctica (Johnson et nl.; 1980;
Miller et al., 1998) and shortly thereafter basalts erupted on the southwestern
margin of Australia at Bunbury. Several studies have attributed these basalts to a
Kerguelen plume (Davies et al., 1989; Storey et al., 1992), but a clear relationship
between Bunbury basalts and Kerguelen basalts has not been clearly proven. Frey
et al. (1996) demonstrated that the Casuarina-type Bunbury basalts are
geochemically similar to Kerguelen basalts. However, the authors pointed out that
the Casuarina basalts (130 Ma; Frey et al., 1996) are much older than the earliest
Kerguelen Plateau basalt (119 Ma; Pringle and Duncan, 2000), and MUller et al.
(1993) argued that the Bunbury locale would have been approximately 1000 km
from the location of a Kerguelen plume.
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Flood basalts near Rajmahal and Sylhet in northeastern India have also been
linked to Kerguelen Plateau basalts (Weis et al., 2001). There is a small age
discrepancy between the Rajmahal basalts (-116-117), the Sylhet basalts (-113 Ma;
Kent et al., 1997), and basalts from the southern Kerguelen Plateau (119 Ma). There
may be a spatial discrepancy between the position of the Kerguelen plume and the
Rajmahal basalts (MUller et al., 1993). Although initial paleomagnetic poles for
basalts from Elan Bank of the Kerguelen Plateau overlap within error with
Rajmahal paleomagnetic poles (Chapter 2), the error represents 700 km distance
between the two locations. Additionally, Elan Bank basalts are ~9 myr younger
than the southern Kerguelen Plateau (SKP); thus using Elan Bank as an analogy for
the SKP is tenuous. In progress paleomagnetic work on Elan Bank basalts may
resolve the difference in the paleomagnetic poles, strengthening the link between
the Rajmahal-Sylhet basalts and the Kerguelen plume.
Although the relationship between Kerguelen plume initiation and rifting of
Eastern Gondwana is not proven, the incorporation of rifted, continental crust into
Elan Bank suggests either that the plume intersected a previously rifted continental
fragment, or that the plume weakened the continental lithosphere facilitating rifting
of continental crust (Chapter 2 this volume, Nicolaysen et al., 2001).
The Kerguelen Plateau itself shows a range of ages with the oldest basalts in
the southern Kerguelen Plateau at Site 738 (-119 Ma, Pringle and Duncan, 2000).
Basalts recovered from Site 1137 on Elan Bank, adjacent to the western margin of
the central Kerguelen Plateau, are -110 Ma (Pringle and Duncan, 2000). The central
plateau and its conjugate, Broken Ridge, consists of basalts approximately 102 and
94 Ma (Sites 1138 and 1141/42 respectively; Pringle and Duncan, 2000).
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Subsequently the Ninetyeast Ridge hotspot track formed. The temporal and
geochemical data relating the Ninetyeast Ridge (88-48 Ma) to the Kerguelen Plateau
is described fully in Duncan (1991), Frey et al. (1991), Weis and Frey (1991) and are
discussed in the previous chapters of this work. Argon dates of basalts drilled from
two sites on the western and northern margins cif the northern Kerguelen Plateau
yield ages of 66-68 and -34 Ma (Duncan and Pringle, 2000). Basalts from the
subaerial Kerguelen Archipelago range from -30 to 24.5 Ma whereas alkalic lavas
are as young as 100,000 years (Weis et al., 1998). In summary, the volcanism of the
Kerguelen Plateau and Archipelago and of the Ninetyeast Ridge virtually spans the
last 119 million years continuously.
If a plume origin for the Kerguelen Large Igneous Province is accepted, a
comparison of the plume eruption rates with time yields further insight into the
dynamics of maintaining plume melting in the mantle. Coffin and Eldholm (1994)
provided the first comprehensive compilation of magma emplacement or crustal
production rates for the Kerguelen plume. In Table 2 of Chapter 3, I compare the
total crustal production rates calculated by Coffin and Eldholm (1994), Saunders et
al. (1994), and Nicolaysen et al. (2000; and Chapter 3). Thd Cenozoic crustal
production rate is a factor of eight less than the rate for the Cretaceous Plateau and
the Cenozoic extrusion rate for the Archipelago is nearly 200 times lower than the
Kerguelen Plateau rate (Table 2, Chapter 3).
New argon data on samples recovered during Leg 183 of the Ocean Drilling
Program provide new ages for basalts from the southern, central, and northern
parts of the Kerguelen Plateau, and Cretaceous crustal production rates will surely
be revised. The new argon dates show nearly continuous production of lava
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altering the interpretation that the plateau formed during one or two short pulses of
volcanism previously attributed to the arrival of a plume head (Duncan and Storey,
1992; Pringle et al., 1994; Bercovici and Mahoney, 1994). Examination of the new
argon dates and the locations of spreading centers between 110 and 40 Ma may
reveal that the magmatic output by the Kerguelen plume is highest when the plume
intersects a spreading center. Revision of the Cretaceous Kerguelen Plateau rates
will diminish the difference between the Cenozoic and Cretaceous eruption rates,
but the calculated decrease in the magmatic output of the Kerguelen plume is
robust.
In summary, the southern Kerguelen Plateau represents the earliest
volcanism clearly related to the Kerguelen plume and is surrounded by the oceanic
crust of the Indian Ocean basin. The duration and intraplate location of Kerguelen
volcanism seems to require a plume source. The geochemical characteristics of the
Casuarina-type Bunbury basalts (-130 Ma) and of Rajmahal (-116) and Sylhet
basalts (~113 Ma) suggest that the Kerguelen plume may be related to the
fragmentation of Eastern Gondwana. The presence of continental lithosphere at
Elan Bank indicates that the plume intersected a continental fragment after the
rifting of Eastern Gondwana. After robust Cretaceous volcanism, the Cenozoic
output of the plume has declined.
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Sources of plumes: evidence from the chemical compositions of basalts from the
Kerguelen Plateau and the Kerguelen Archipelago.
The isotopic compositions of ocean island and mid-ocean ridge basalts
represent geochemical heterogeneity of the mantle and may be described as
mixtures of at least four components based on the Sr, Nd, and Pb isotopic systems,
descriptions of which are summarized from Zindler and Hart (1986). Typically,
mid-ocean ridge basalts have high "3Nd/ 1"Nd and low "Sr/"Sr compositions,
relative to most ocean island basalts, and reflect the composition of the depleted
mantle (DM) which passively upwells beneath spreading centers. Components EM
I and EM II, or enriched mantle types I and II, have been ascribed to melting of
subducted sediments. The HIMU component, which indicates a mantle source
enriched in U and Th with no substantial enrichment in Rb, has been attributed, in
part, to melting of subducted oceanic crust. 3He/'He ratios have also been used to
distinguish ocean island basalts from mid-ocean ridge basalts, but helium isotopic
ratios do not always correlate well with the four mantle components identified by
Sr, Nd, and Pb isotopes.
-In 1992, Hart et al. suggested that there is a fifth mantle isotopic composition
circumscribed by the other mantle end-members. They referred to this cdmponent
as FOZO, or the focal zone, and proposed that the lower mantle retains this isotopic
signature. Furthermore Hart et al. (1992) suggested that the FOZO component may
have high 3He/ 4He compositions. Hanan and Graham (1996) substantiated the lead
and helium isotopic signature of this internal component and called it "C" for the
component common to plume compositions.
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Understanding the origin and evolution of the Kerguelen Plateau is
particularly important because it has been linked to the onset of Kerguelen plume
volcanism (e.g., Mahoney et al., 1995; Morgan, 1981; Storey et al., 1989), which is a
possible source of the distinctive geochemical characteristics of Indian Ocean
basalts (Mahoney et al., 1995; Storey et al., 1989; Weis and Frey, 1996). The presence
of this component has been explained either by deep recycling of subducted
material into the source of plume-derived magmas (Dupre and Allegre, 1983) or
from assimilation of subcontinental lithosphere that foundered into the
asthenospheric mantle during breakup of eastern Gondwana (Mahoney et al., 1995;
Storey et al., 1989).
Until the 1998-1999 drilling cruise (ODP Leg 183) to the Kerguelen Plateau,
geochemical samples came predominantly from Kerguelen Archipelago and Heard
Island with additional samples from five drill holes in the Kerguelen Plateau (e.g.,
Gautier et al., 1990; Weis et al., 1998; Yang et al., 1998; Barling et al., 1994; Salters et
al., 1992; Mahoney et al., 1995). Weis et al. (1997) define the Kerguelen plume
composition as consisting of 87Sr/ 86Sr=0.7050-0.7058, 11 3Nd/ "Nd=0.51249-0.51265
and 2 06Pb/ 2 04Pb = 18.3-18.6. Other basalts from the archipelago reflect a mixture of
Kerguelen plume melts and depleted material associated with the Southeast Indian
Ridge (Yang et al., 1998; Weis et al., 2000). With two exceptions, Heard Island lavas
overlap isotopically with Kerguelen Archipelago lavas (Barling et al., 1994).
Previously continental lithosphere was implicated in the isotopic
compositions of basalts from the southern Kerguelen Plateau and eastern Broken
Ridge (Mahoney et al., 1995) and of xenoliths from the archipelago (Hassler and
Shimizu, 1998). New Sr, Nd, Pb, Hf, and Re-Os data for basalts from Site 1137 on
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Elan Bank substantiate the influence of continental material on Kerguelen plume
melts (Weis et al., 2001; Mattielli et al., 2000). The presence of Proterozoic gneiss
clasts in Site 1137 (Chapter 2; Nicolaysen et al., 2001) and low seismic velocities for
the lower crust (Charvis et al., 1997) indicate clearly that assimilation may be the
mechanism for incorporating a continental isotopic signature into the basalts of
Elan Bank, Site 738 of the Kerguelen Plateau, and a couple of Heard Island basalts
(Weis et al., 2001; Mahoney et al., 1995; Barling et al., 1994). Initially the seismic
velocities indicated that the continental crust was confined to the lower crust of
Elan Bank (Charvis et al., 1997), but now it is believed that more than 9 km of the
17-km thick crust consists of continental material (Borissova et al., 2000; M. Coffin,
personal communication)., However, the continental lithosphere contaminating
Kerguelen basalts is apparently limited in spatial extent. lHowever, as the
overriding plate motions created the younger Kerguelen plume basalts of the
northern plateau, the continental signature has decreased. Evidently, the northern
Kerguelen Plateau is built either on oceanic crust or crust consisting solely of basalt
related to the-Kerguelen plume. Thus, assimilation of continental crust does not
explain the isotopic profile of Kerguelen Archipelago basalts that seemingly
represent that of the plume source.
Nine Kerguelen Archipelago basaits were chosen for helium isotopic
analysis; one is from the northern archipelago, one is a Upper Miocene basalt from
the southeastern part of the archipelago, and one is a picrite from seamount just
south of the archipelago. The six remaining samples are from the Lower Miocene
Series of the Southeast Province (Weis et al., 1993) and Mt. Crozier, both of the
Kerguelen Archipelago. These samples were selected on the basis of their olivine
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content, as many archipelago basalts are aphyric, in order to constrain the helium
isotopic composition of the Kerguelen plume (Chapter 4). 40Ar/"Ar geochronology
and Sr, Nd, and Pb isotopic analyses were also measured on most of these samples
(Chapter 4; Weis et al., submitted). Age-corrected helium analyses are potentially
powerful indicators of plume location (Kurz et al., 1983; Kurz and Geist, 1999) and
help constrain geochemically the history of the plume source.
Three previous studies aimed to present the helium isotopic composition of
the Kerguelen plume by measuring mafic phases in archipelago xenoliths (Vance et
al., 1989; Valbracht et al., 1996) and in Heard Island basalts (Hilton et al., 1995).
Vance et al. (1989) inferred that the helium isotopic ratios of pyroxenes from
xenoliths had been affected by metasomatism. However, these low 3He/ 4He ratios
may reflect incorporation of Th and/or U into the pyroxenes, and these elements
have produced 4He by radioactive decay (Chapter 4; Valbracht et al., 1996).
Valbracht et al. (1996) concluded that the xenolith olivines had experienced
diffusive loss of helium and that the helium isotopic ratios were influenced by melt
interaction. Basalts from two different locations on Heard Island (Big Ben and
Loranchet Peninsula), showed a bimodal distribution of helium isotopic ratios (Fig.
11, Chapter 4; Hilton et al., 1995).
Both the measured and age-corrected helium isotopic ratios of this study
(Fig. 16, Chapter 4) yield intermediate compositions; that is, the helium isotopic
signature of Kerguelen basalts are higher than those for Southeast Indian Ridge
basalts and lower than the helium isotopic compositions of Loihi and some
Galapagos and Iceland basalts (see Fig. 17, Chapter 4 for data and references).
Furthermore, these intermediate helium isotopic compositions (3He/Hemeasured= 6.5-
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10.4 R/RA, 3He/*Heageoft = 9.7-12.8 R/RA, both relative to the helium isotopic
composition of air) are consistent for approximately 18 million years (Fig. 16,
Chapter 4), although the younger Heard Island basalts have higher or lower helium
isotopic compositions. The difference between the Kerguelen Archipelago and
Heard Island compositions may reflect a temporal change in the source of the
Kerguelen plume. Alternatively, these contrasfs may reflect the different crustal
processes due to the distinct types of crust underlying theise two locations (see
above). The low 4He concentrations of the Kerguelen samples of this study may
reflect degassing while the melts traversed the -17 km thick crust of the
Archipelago.
Examination of the helium; strontium, and lead isotopic data 'for the
Kerguelen plume, in comparison to other ocean island basalts (01B), suggests that
Cenozoic Kerguelen basalts are similar to OIB identified as having an EM source
(Fig. 17, Chapter 4). If both Heard lavas series and the archipelago basalts are
considered together in strontium-helium isotopic space, these lavas form a trend
subparallel to the trend of Samoan lavas (Fig. 17a, Chapter 4). The Samoan and
Kerguelen trends are unlike either NMORB trends or Iceland, Galapagos, and
Hawaiian trends, which suggests that the strontium and helium isotopic
heterogeneity of Kerguelen and Samoa may result from either similar processes or
additions to the source region. The He-Sr Samoan trend may reflect mixing
between a FOZO or C endmember (lower mantle) and an EM Il endmember. If a
parallel interpretation is valid, then the Kerguelen-Heard trend would reflect
mixing between a FOZO or C component and a mixture of EM I and EM II. Thus
the low 3He/ 4He isotopic ratios of Samoan and Kerguelen basalts with high "8 Sr/"Sr
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may reflect the intrinsic helium isotopic compositions of EM material, traditionally
inferred to reflect subducted sediment.
In conclusion, Sr, Nd, and Pb isotopic ratios from parts of the Cretaceous
Kerguelen Plateau indicate assimilation of continental lithosphere substantially
modified melt compositions (Mahoney et al., 1995, Weis et al., 2001). The isotopic
compositions of some Kerguelen plume basalts, Ninetyeast Ridge and 29 Ma lavas
from the archipelago, reflect the influence of an adjacent ridge (Weis and Frey, 1991;
Yang et al., 1998). The isotopic data support a plume component which has
87Sr / 86Sr -0.705, 2 06Pb/ 204Pb -18.4, and 3He/ 4He - 15 R/RA (Weis et al., 1997;
Chapter 4), and this trend toward FOZO or C composition is more apparent in
Upper Oligocene and younger Kerguelen basalts. Finally, the Kerguelen basalts
have an EM component that may indicate subducted sediments. Both of these latter
components may reside in the lower mantle.
264
Plume interaction with shallow mantle circulation: Kerguelen, Amsterdam-St.
Paul, and the Southeast Indian Ridge.
The chemical composition of ridge basalts erupted near hotspots
demonstrates that the hotspot influences the spreading center (e.g., Hart et al., 1973;
Schilling et al., 1985; Taylor et al., 1997; Douglass et al., 1999). Many of these
hotspots are believed to originate dee# in the mantle as plumes. Since the 1970's,
investigators have examined the interaction of plumes with shallow, passive
upwelling at ridges through geochemical and geophysical studies (e.g., Schilling et
al., 1985; Ito and Lin, 1995; Scheirer et al., 2000) and numerical and experimental
models (e.g., Ribe et al., 1995; Kincaid et al., 1995, 1996). Although there are
considerable data documenting plume-ridge interaction, integrated geochemical,
geophysical, and modeling studies are only beginning to address questions of
mantle dynamics such as, at what distance does the plume begin affecting a ridge
migrating toward that plume? At what distance will the plume cease to influence a
ridge migrating away from it, and how is material channeled from the plume to the
ridge?
Schilling et al. (1985) described a model wherein a horizontal mantle conduit
may be established between a hotspot and a nearby ridge. Experiments show that
the sloping base of the lithosphere may control the location of this flow or conduit
(Kincaid et al., 1995; Kincaid et al., 1996; Douglas et al., 1999). Schilling (1991) used
the lateral extent of geochemical anomalies in ridge basalts to estimate the flux and
temperature of a nearby plume. Furthermore, the author hypothesized that the
plume-to-ridge conduit lengthens as the ridge migrates away from the relatively
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fixed hotspot. As the ridge migrates away from the hotspot, the length of the ridge
affected by the plume decreases by the square root of the increasing distance
between the ridge and plume (Schilling, 1991).
Currently, the Southeast Indian Ridge bisects the Amsterdam-St. Paul (ASP)
plume, whereas the Kerguelen plume was bisected by the same ridge 40 million
years ago. The trace element and isotopic compositions of the ASP plume differ
significantly from those of the Kerguelen plume. For example, the ASP basalts have
higher 206 Pb/ 204Pb, 3He/ 4 He, and ENd and lower La/Nb ratios than Kerguelen plume
basalts (Figs. 7, 15 of Chapter 5). The distinct isotopic compositions of the
Amsterdam-St. Paul plume and the Kerguelen plume allow examination of plume-
ridge interaction at very different distances from the ridge. The Kerguelen plume
has a greater volumetric flux than the Amsterdam-St. Paul plume (Chapters 3 and
5), which provides an opportunity to examine how ridge-plume interactions scale
with the size of the plume.
Sr, Nd, and Pb isotopic compositions of Southeast Indian Ridge basalts north
of the Amsterdam-St. Paul plateau corroborate He isotopic data which suggest
northward flow of ASP plume material along the ridge (Chapter 5; Graham et al.,
1999). Helium and lead isotopic ratios are higher in basalts from segment H, the
ridge segment north of Amsterdam-St. Paul, than other basalts related to the ASP
plume (Fig. 7, Chapter 5). Three ridge segments located on the ASP plateau also
have isotopic compositions characteristic of the ASP plume or of a mixture of ASP
and normal mid-ocean ridge basalt. The data from these four ridge segments
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suggest well-established interaction of shallow upwelling mantle beneath the ridge
and the plume.
The Southeast Indian Ridge intersected the Kerguelen plume approximately
40 Ma (Tikku and Cande, 2000), and since this time, the ridge has migrated steadily
to the northeast away from the plume. Zero-age basalts from ridge segments south
of Amsterdam-St. Paul plateau and on the plateau itself have isotopic compositions
which indicate a possible Kerguelen influence (Chapter 5). Possible explanations for
the Kerguelen isotopic signature along >1000 km of the SEIR axis (segments I1-M)
include: 1) isotopic heterogeneity within the ASP plume, 2) the Kerguelen plume is
dynamically affecting the ridge, 3) the Kerguelen plume previously enriched or
metasomatized the depleted Lpper mantle of the Indian Ocean basin (Storey et al.,
1989), or 4) the movement of the thickened crust of Broken Ridge drew Kerguelen
material behind it in its "wake"'. The Kerguelen isotopic signature is absent in ridge
length that have the strongest Amsterdam-St. Paul plume signature suggesting that
isotopic heterogeneity within the ASP plume does not explain the Kerguelen
signature seen elsewhere in the study area.
The Oligocene history of the Kerguelen plume and the SEIR is analogous to
the Schilling model described above. At Site 1140 on the northern Kerguelen
Plateau (Fig. 1 of Chapter 5), the Sr, Nd and Pb isotopic signatures of basalts in the
drill core suggest that SEIR and Kerguelen basalts are intercalated (Weis and Frey,
2000). At the time of eruption (-34 Ma), the Southeast Indian Ridge was ~200 km
from Site 1140 and plume-ridge interaction seems dynamically reasonable. That
modern Southeast Indian Ridge basalts have a Kerguelen signature seems an
unlikely example of a mantle conduit given that a connection between Kerguelen
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and the SEIR would be currently over 1200 km in length (Fig. 11, Chapter 5).
Although the persistence of a conduit over this distance seems dynamically
unlikely, three large fracture zones that intersect this region of the SEIR also
intersect the Kerguelen Plateau (Fig. 11, Chapter 5). These fracture zones may focus
mantle flow from the Kerguelen hotspot to the ridge and a spur or line of
seamounts which extends east-northeast from the Kerguelen Plateau is consistent
with this idea (Fig. 11, Chapter 5). The Southeast Indian Ridge is shallowest just
south of the study area and Small et al. (1999) and Semperd et al. (1997) interpreted
this long wavelength bathymetric anomaly as evidence for thermal uplift due to a
channel from the Kerguelen plume. However, the empirical model of plume-ridge
interaction by directionalized flow (Schilling, 1991) predicts a width of only 50-200
km for dynamic plume influence on a ridge that is 1200-1600 km away. Currently
the Kerguelen plume appears to have a magmatic flux of -0.009-0.42 km3 /y
(Nicolaysen et al., 2000), and it is doubtful that a plume with this low volumetric
flux would affect over 1000 km of ridge as suggested by the basalt compositions of
segments I1, J1, K, L and M (Fig. 2, Chapter 5). Additionally, the Kerguelen
compositional influence is quite variable because J3 and some J4 lavas are not
isotopically enriched MORB. A final circumstantial argument is that it is unlikely
the Kerguelen plume would flow through the most robust upwelling of the ASP
plume, which is required to generate the isotopic signature seen at segment I1.
If the Kerguelen isotopic signature of SEIR basalts represents inherent
heterogeneity in the background MORB mantle, it could be related to
contamination by early Kerguelen plume melts (e.g. Storey et al., 1989). However,
we would then expect to see Kerguelen isotopic signatures along the entire SEIR
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which is not the case (Mahoney et al., 2000). Perhaps then the rifting and
northeastward migration of Broken Ridge, which has a crustal thickness of ~18 km
and an unknown amount of lithospheric mantle attached beneath, created a "wake
effect". Kerguelen plume material may be drawn preferentially toward the U-
shaped bend of the SEIR (Fig. 1, Chapter 5) as shallow mantle is dragged behind
Broken Ridge. This hypothesis, or the channeling of Kerguelen material by three
large fracture zones, seem the most likely mechanisms to explain the observed
isotopic characteristics of SEIR basalts.
269
References.
Anderson, D., 1994, Superplumes or supercontinents?: Geology v. 22, p. 39-42.
Anderson, D., Tanimoto, T., and Zhang, Y.-S., 1992, Plate tectonics and hotspots:
Science v. 256, p. 1645-1651.
Barling, J., Goldstein, S. L., and Nicholls, I. A., 1994, Geochemistry of Heard Island
(southern Indian Ocean); characterization of an enriched mantle component
and implications for enrichment of the sub-Indian Ocean mantle: J. Petrol. v.
35, p. 1017-1053.
Bercovici, D., Mahoney, J., 1994, Double flood basalts and plume head separation at
the 660-kilometer discontinuity: Science v. 266, p.1367-1369 .
Borissova, I., Coffin, M.F., Moore, A., Sayers, J., Symonds, P., Teliatnikov, I., 2000,
Volcanostratigraphy of the Eland Bank (Kerguelen Plateau) and implications
for regional tectonics: Eos, Trans. AGU v. 81, p. S431.
Campbell, I., and Griffiths, R., 1990, Implications of mantle plume structure for the
evolution of flood basalts: Earth Planet. Sci. Lett. v. 99, p. 79-93.
Charvis, P., Operto, S., Lesne, 0., and Royer, J., 1997, Velocity structure of the
Kerguelen Plateau province from wide-angle seismic data: petrological
implications: Eos, Trans. AGLU v. 78, p. F711.
Coffin, M.F., University of Texas, Austin, TX, personal communication.
Coffin, M. F., and Eldholm, 0., 1994, Large igneous provinces; crustal structure,
dimensions, and external consequences: Rev. Geophys. v. 32, p. 1-36.
Courtillot, V., Jaupart, C., Manighetti, I., Tapponnier, P., Besse, J., 1999, On causal
links between flood basalts and continental breakup: Earth Planet. Sci. Lett. v.
166, p. 177-195.
Dalziel, I., Lawver, L., and Murphy, J., 2000, Plumes, orogenesis, and
supercontinental fragmentation: Earth Planet. Sci. Lett. v. 178, p. 1-11.
Davies, J., Sun, S., Frey, F., Gautier, 1., McCulloch, M., Price, R., Bassias, Y.,
Klootwijk, C., and Leclaire, L., 1989, Basalt basement from the Kerguelen
Plateau and the trail of a Dupal plume: Contrib Mineral Petrol. v. 103, p. 457-
469.
Douglass, J., Schilling, J.-G., and Fontignie, D., 1999, Plume-ridge interactions of the
Discovery and Shona mantle plumes with the southern Mid-Atlantic Ridge
(40 degrees -55 degrees S): J. Geophys. Res. v. 104, p. 2941-2962.
270
Duncan, R., 1991, Age distribution of volcanism along aseismic ridges in the eastern
Indian Ocean: in, J. Weissel, J. Peirce, et al., eds., Proceed. ODP, Sci. Res. v.
121, p. 507-517.
Duncan, R., and Pringle, M., 2000, Basement ages from the northern Kerguelen
Plateau and Broken Ridge: Eos, Trans. AGU v. 81, p. S424.
Duncan, R., and Storey, M., 1992, The life cycle of Indian Ocean hotspots: In
Duncan, R., Rea, D., et al., eds, Synthesis of Results from Scientific Drilling in the
Indian Ocean. Geophysical Monograph, AGU, v. 70, p. 91-103.
Dupr6, B., and Allegre, C. J., 1983, Pb-Sr isotope variation in Indian Ocean and
mixing phenomena: Nature v. 303, p. 142-146.
Eldholm, 0., Coffin, M., 2000, Large igneous provinces and plate tectonics: In
Richards, M., Gordon, R., and van der Hilst, R., The History and Dynamics of
Global Plate Motions, Geophys. Monogr., v. 121, p. 309-326.
Elkins Tanton, L. and Hager, B., 2000, Melt intrusion as a trigger for lithospheric
foundering and the eruption of the Siberian flood basalts. Geophys. Res. Lett.
v. 27, p. 3937-3940.
Frey, F., McNaughton, N., Nelson, D., deLaeter, J, and Duncan, R., 1996,
Petrogenesis of the Bunbury Basalt, Western Australia: interaction between
the Kerguelen plume and Gondwana lithosphere? Earth Planet. Sci. Lett. v.
144, p. 163-183.
Frey, F., and Weis, D., 1995, Temporal evolutions of the Kerguelen plume:
geochemical evidence from -38 to 82 Ma lavas forming the Ninetyeast Ridge:
Contrib Mineral Petrol. v. 121, p. 12-28
Frey, F. A., Weis, D., Yang, H.-J., Nicolaysen, K., Leyrit, H., and Giret, A., 2000,
Temporal geochemical trends in Kerguelen Archipelago basalts: evidence
for decreasing magma supply from the Kerguelen Plume: Chem. Geol. v. 164,
p. 61-80.,
Gautier, I., Weis, D., Mennessier, J.-P., Vidal, P., Giret, A., and Loubet, M., 1990,
Petrology and geochemistry of the Kerguelen Archipelago basalts (South
Indian Ocean): evolution of the mantle sources from ridge to intraplate
position: Earth Planet. Sci. Lett. v. 100, p. 59-76.
Graham, D. W., Johnson, K. T. M., Priebe, L. D., and Lupton, J. E., 1999, Hotspot-
ridge interaction along the Southeast Indian Ridge near Amsterdam and St.
Paul islands; helium isotope evidence: Earth Planet. Sci. Lett. v. 167, p. 297-
310.
271
Griffiths, R., and Campbell, I., 1990, Stirring and structure in mantle starting
plumes: Earth Planet. Sci. Lett. v. 99, p. 66-78.
Hanan, B. B., and Graham, D. W., 1996, Lead and helium isotope evidence from
oceanic basalts for a comon deep source of mantle plumes: Science v. 272, p.
991-995.
Hart, S., Hauri, E., Oschmann, L., Whitehead, J., 1992, Mantle plumes and
entrainment: isotopic evidence: Science v. 256, p. 517-520.
Hart, S., Schilling, J.-G., and Powell, J., 1973, Basalts from Iceland and along the
Reykjanes Ridge: Sr isotope geochemistry: Nature v. 246, p. 104-107.
Hassler, D. R., and Shimizu, N., 1998, Osmium isotopic evidence for ancient
subcontinental lithospheric mantle beneath the Kerguelen Islands, southern
Indian Ocean: Science v. 280, p. 418-421.
Helmberger, D., Wen, L., Ding, X., 1998, Seismic evidence that the source of the
Iceland hotspot lies at the core-mantle boundary: Nature v. 396, p. 251-255.
Hilton, D., Barling, J., and Wheller, G., 1995, Effect of shallow-level contamination
on the helium isotope systematics of ocean-island lavas: Nature v. 373, p. 330-
333.
Ito, G., Lin, J., 1995, Oceanic spreading center-hotspot interactions; constraints from
along-isochron bathymetric and gravity anomalies: Geology v. 23, p. 657-660.
Johnson, B. D., Powell, C. M., and Veevers, J. J., 1980, Early spreading history of the
Indian Ocean between India and Australia: Earth Planet. Sci. Lett. v. 47, p.
131-143.
Kellogg, L., Hagar, B., and van der Hilst, R., 1999, Compositional stratification in
the deep mantle: Science v. 283, p. 1881-1884.
Kellogg, L., and King, S., 1997, The effect of temperature-dependent viscosity on the
structure of new plumes in the mantle: results of a finite element model in a
spherical, axisymmetric shell: Earth Planet. Sci. Lett. v. 148, p. 13-26.
Kincaid, C., Ito, G., Gable, C., 1995, Laboratory investigation of the interaction of
off-axis mantle plumes and spreading centres: Nature v. 376, p. 758-761.
Kincaid, C., Schilling, J.-C., and Gable, C., 1996, The dynamics of off-axis plume-
ridge interaction in the uppermost mantle: Earth Planet. Sci. Lett. v. 137, p.
129-143.
King, S., and Anderson, D., 1995, An alternative mechanism of flood basalt
formation: Earth Planet. Sci. Lett. v. 136, p. 269-279.
272
Kurz, M., and Geist, D,. 1999, Dynamics of the Galapagos hotspot from helium
isotope geochemistry: Geochim. et Cosmochim. Acta v. 63, p. 4139-4156
Kurz, M. D., Jenkins, W. J., Hart, S. R., Clague, D. A., and Craig, H. p., 1983, Helium
isotopic variations in volcanic rocks from Loihi Seamount and the Island of
Hawaii Loihi Seamount: Earth Planet. Sci. Lett. v. 66, p. 388-406.
Mahoney, J., Christie, D., Graham, D., Johnson, K., Hall, L., and VonderHaar, D.,
2000, Between a Hotspot and a Cold Spot: Asthenospheric Flow and
Geochemical Evolution in the Southeast Indian Ridge Mantle, 86*E - 118*E:
Eos, Trans. AGU v. 81, p. F1120.
Mahoney, J. J., Jones, W. B., Frey, F. A., Salters, V. J. M., Pyle, D. G., and Davies, H.
L., 1995, Geochemical characteristics of lavas from Broken Ridge, the
Naturaliste Plateau and southernmost Kerguelen plateau: Cretaceous plateau
volcanism in the southeast Indian Ocean: Chem. Geol. v. 120, p. 315-345.
Malamud, B., and Turcotte, D., 1999, How many plumes are there?: Earth Planet. Sci.
Lett. v. 174, p. 113-124.
Mattielli, N., Weis, D., Ingle, S., Blicher-Toft, J., Barling, J., Frey, F., 2000, Hafnium
isotopic constraints on the source of Kerguelen Plateau lavas (Leg 183 Sites
1140 and 1137): Eos, Trans. AGU v. 81, p. S430-431.
Morgan, W., 1971, Convection plumes in the lower mantle: Nature v. 230, p. 42-43.
Morgan, W.J., 1981, Hotspot tracks and the opening of the Atlantic and Indian
oceans, in Emiliani, C., ed., The Sea (vol. 7): New-York, Wiley-Interscience, p.
443-487
Muller, R. D., Roest, W., and Royer, J.-Y., 1998, Asymmetric sea-floor spreading
caused by ridge-plume interactions: Nature v. 396, p. 455-459.
M6ller, R., Royer, J., and Lawyer, L., 1993, Revised plate motions relative to the
hotspots from combined Atlantic and Indian-Ocean hotspot tracks: Geology v.
21, p. 275-278.
Nicolaysen, K., Bowring, S., Frey, F., Weis, D., Pringle, M., Coffin, M., and the Leg
183 Shipboard Scientific Party, 2001, Provenance of Proterozoic garnet-biotite
gneiss recovered from Elan Bank, Kerguelen Plateau, southern Indian Ocean,
Geology in press.
Nicolaysen, K., Frey, F., Hodges, K., Weis, D., and Giret, A., 2000, **Ar / 39Ar
geochronology of flood basalts from the Kerguelen Archipelago, southern
Indian Ocean: implications for Cenozoic eruption rates of the Kerguelen
plume: Earth and Planetary Science Letters, v. 174, p. 313-328.
273
Pringle, M., and Duncan, R., 2000, Basement ages from the southern and central
Kerguelen Plateau: initial products of the Kerguelen large igneous province:
Eos, Trans. AGU v. 81, p. S424.
Pringle, M., Storey, M., and Wijbrans, J., 1994, "Ar/ 39Ar geochronology of mid-
Cretaceous Indian Ocean basalts: constraints on the origin of large flood
basalt: Eos, Trans. AGU v. 75, p. 728.
Ribe, N., Christensen, U., and Theissing, J., 1995, The dynamics of plume-ridge
interaction, 1. Ridge-centered plumes, Earth Planet. Sci. Lett. v. 134, p. 155-
168.
Richards, M., Duncan, R., and Courtillot, V., 1989, Flood basalts and hot-spot tracks:
plume heads and tails: Science v. 246, p. 103-107.
Russell, S., Lay, T., Garnero, E., 1998, Seismic evidence for small-scale dynamics in
the lowermost mantle at the root of the Hawaiian hotspot: Nature v. 396, p.
255-258.
Salters, V. J. M., Storey, M., Sevigny, J. H., et al., 1992, Trace element and isotopic
characteristics of Kerguelen-Heard Plateau basalts: Proceed. ODP, Sci. Res. v.
120, p. 55-62.
Saunders, A., Storey, M., Kent, R., Gibson, 1., 1994, Magmatic activity associated
with the Kerguelen-Heard plume: implications for plume dynamics: Mem.
Soc. Geol. France v. 166, p. 61-72.
Scheirer, D. S., Forsyth, D. W., Conder, J. A., Eberle, M. A., Hung, S.-H., Johnson, K.
T. M., and Graham, D. W., 2000, Anomalous seafloor spreading of the
Southeast Indian Ridge near the Amsterdam-St. Paul Plateau: J. Geophys. Res.
v. 105, p. 8243-8262.
Schilling, J. G., Thompson, G., Kingsley, R., and Humphris, S., 1985, Hotspot-
migrating ridge interaction in the South Atlantic: Geochemical evidence:
Nature v. 313, p. 187-191.
Schilling, J. G., 1991, Fluxes and excess temperatures of mantle plumes inferred
from their interaction with migrating mid-ocean ridges: Nature v. 352, p. 397-
403.
Semper4, J.-C., Cochran, J. R., 1997, The Southeast Indian Ridge between 88'E and
118'E; variations in crustal accretion at constant spreading rate: J. Geophys.
Res. v.102, p. 15,489-15,505.
Shen, Y., Solomon, S., Bjarnason, I., Wolfe, C., 1998, Seismic evidence for a lower-
mantle origin of the Iceland Plume: Nature v. 395, p. 62-65.
274
Small, C., Cochran, J. R., Sempere, J.-C., and Christie, D., 1999, The structure and
segmentation of the Southeast Indian Ridge: Mar. Geol. v. 161, p. 1-12.
Stein, M., and Hofmann, A., 1994, Mantle plumes and episodic crustal growth:
Nature v. 372, p. 63-68.
Storey, B., 1995, The role of mantle plumes in continental breakup: case histories
from Gondwanaland: Nature v. 377, p. 301-307.
Storey, M., Kent, R., Saunders, A., Salters, V., Hergt, J., Whitechurch, H., Sevigny, J.,
Thirlwall, M., Leat, P., Ghose, N., and Gifford, M., 1992, Lower Cretaceous
volcanic rocks on continental margins and their relationship to the Kerguelen
Plateau, In Wise, S., Schlich, R., et al., eds., Proceed. ODP, Sci. Res. v. 120,
College Station, TX (Ocean Drilling Program), p. 33-53.
Storey, M., Saunders, A. D., Tarney, J., Gibson, . L., Norry, M. J., Thirwall, M. F.,
Leat, P., Thompson, R. N., and Menzies, M. A., 1989, Contamination of
Indian Ocean asthenosphere by the Kerguelen-Heard mantle plume: Nature
v. 338, p. 574-576.
Taylor, R., Thirlwall, M., Murton, B., Hilton, D., Gee, M., 1997, Isotopic constraints
on the influence of the Icelandic plume: Earth Planet. Sci. Lett. v. 148, p. El-E8.
Tikku, A. A., and Cande, S. C., 2000, On the fit of Broken Ridge and Kerguelen
Plateau: Earth Planet. Sci. Lett. v. 180, p. 117-132.
Valbracht, P. J., Honda, M., Matsumoto, T., Mattielli, N., McDougall, I., Ragettli, R.,
and Weis, D., 1996, Helium, neon *and argon isotope systematics in
Kerguelen ultramafic xenoliths; implications for mantle source signatures:
Earth Planet. Sci. Lett. v. 138, p. 29-38.
Vance, D., Stone, J., and O'Nions, R., 1989, fie, Sr, and Nd isotopes in xenoliths from
Hawai'i and other oceanic islands: Earth Planet. Sci. Lett. v. 96, p. 147-160.
Weis, D., and Frey, F. A., 1991, Isotope geochemistry of Ninetyeast Ridge basalts: Sr,
Nd, and Pb evidence for the involvement of the Kerguelen hot spot, in
Weissel, J., Peirce, J., Taylor, E., Alt, J., eds., Proceed. ODP, Sci. Res. v. 121,
College Station, TX, ODP, p. 591-610.
Weis, D., and Frey, F., 2000, ODP Site 1140 on the northern Kerguelen Plateau: 34
Ma pillow basalts related to *he Kerguelen plume and the Southeast Indian
Ridge: Eos, Trans. AGU v. 81, p. S425.
Weis, D., Frey, F. A., Giret, A., Cantagrel, J. M., Davidson, J. P., and Bohrson, W. A.,
1998, Geochemical characteristics of the youngest volcano (Mount Ross) in
the Kerguelen Archipelago; inferences for magma flux, lithosphere
275
assimilation and composition of the Kerguelen Plume, Shallow-level
processes in ocean-island magmatism: J. Petrology v. 39, p. 973-994.
Weis, D., Frey, F. A., Leyrit, H., and Gautier, I., 1993, Kerguelen Archipelago
revisited; geochemical and isotopic study of the Southeast Province lavas:
Earth Planet. Sci. Lett. v. 118, p. 101-119.
Weis, D., Frey, F. A., and Nicolaysen, K., 1997, The Kerguelen Plume: Constraints
from Temporal Isotopic Variations in Lavas Forming the Kerguelen
Archipelago: EOS, Trans. AGU v. 78, p. F729.
Weis, D., Frey, F. A., Schlich, R., Schaming, M., Montigny, R., Damasceno, D.,
Mattielli, N., Nicolaysen, K., and Scoates, J., Kerguelen hotspot track in the
northern Kerguelen Plateau, Indian Ocean: Geochem., Geophys., Geosyst.
submitted Jan. 2001.
Weis, D., Ingle, I., Nicolaysen, K., Frey, F., Damasceno, D. Barling, J., and Leg 183
Shipboard Scientific Party, 2001, The origin of continental components in
Indian Ocean mantle-derived magmas: Evidence from Elan Bank (Kerguelen
Plateau - ODP Leg 183, Site 1137): Geology in press.
Weis, D., Shirey, S., Frey, F., 2000, Re-Os systematics of Kerguelen plume basalts:
enriched components and lower mantle source: Eos, Trans. AGU v. 81, p.
F1340.
Yang, H.-J., Frey, F. A., Weis, D., Giret, A., Pyle, D., and Michon, G., 1998,
Petrogenesis of the flood basalts forming the northern Kerguelen
Archipelago; implications for the Kerguelen Plume: J. Petrol. v. 39, p. 711-748.
Zeyen, Hermann; Volker, Frank; Wehrle, Veronika; Fuchs, Karl;
Sobolev, Stephan V; Altherr, Rainer, 1997, Styles of continental rifting; crust-
mantle detachment and mantle plumes: Tectonophys. v. 278, p. 329-352.
Zindler, A., and Hart, S. R., 1986, Chemical Geodynamics: Ann. Rev. Earth Planet.
Sci. v. 14, p. 493-571.
